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ABSTRACT
Background: Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating disease with
an overall case-fatality of 40-50%. Most of the surviving patients are left with neurological
deficits and cognitive impairments. Brain MRI could possibly provide valuable information on
patients' recovery potential together with detailed neurological and neuropsychological
examination after aSAH.
Patients and Methods: One-hundred and sixty-eight consecutive aSAH patients were
randomly assigned to either endovascular (n=82) or surgical (n=86) treatment. Altogether
138 conventional and 77 volumetric MRI examinations were available one year after aSAH.
T2PD and 3DT1-weighted images were analyzed in detail. Volumetric analyses focused to
temporomesial structures; hippocampus (HC) and amygdala (AM), and gray matter (GM)
volume loss in patients with ruptured anterior cerebral artery (ACA) aneurysm. The atrophic
enlargement of the cerebrospinal fluid (CSF) volumes was quantified. MRI findings were
correlated with neuropsychological test scores.
Results: Forty-four (31.9%) of 138 patients had no lesions associated with aSAH. According
to intention to treat, lesions were more frequent after surgical treatment, predominating in
frontal and temporal lobes. Ischemic lesions of the parental artery territory of the ruptured
aneurysm were more frequent after surgery. Ischemic lesion volumes correlated with
neuropsychological test scores. After aSAH, the HC and AM volumes were found to be
smaller than in the matched control individuals. After treatment of an ACA aneurysm, GM
atrophy was detected on frontobasal cortical areas and HC ipsilateral to the surgical
approach. Enlarged ventricular and sulcal CSF volumes were detected after aSAH. Higher
Fisher scores, preoperative hydrocephalus and older age were found to associate with
ventricular and sulcal enlargement, both correlating with neuropsychological defects.
Conclusion: aSAH is frequently followed by brain parenchymal changes, especially in
frontotemporal areas. Lesions seem to be more frequent after surgical than endovascular
treatment. Temporomesial volume loss is a common finding after aSAH in general. GM
atrophy, principally involving the frontobasal cortical areas and hippocampus ipsilateral to the
surgical approach is detected after aSAH and treatment of the ruptured ACA aneurysm.
Atrophic CSF-enlargement together with reduced GM volumes is a common sequela after
aSAH. Both enlarged CSF-spaces and brain parenchymal lesion volumes correlate with
neuropsychological test performance after aSAH.
National Library of Medicine Classification: WG 580, WL 355, WN 185
Medical Subject Headings: Amygdala; Aneurysm; Atrophy; Embolization,
Therapeutic/methods; Follow-Up Studies; Hippocampus; Humans; Imaging, Three-
Dimensional; Intracranial Aneurysm /surgery; Magnetic Resonance Imaging;
Neuropsychological Tests; Randomized Controlled Trial; Rupture; Subarachnoid
Hemorrhage; Treatment Outcome
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ABBREVIATIONS
ACA anterior cerebral artery
AComA anterior communicating artery
ADC apparent diffusion coefficient
AM amygdala
aSAH aneurysmal subarachnoid hemorrhage
BBB blood brain barrier
CSF cerebrospinal fluid
CBF cerebral blood flow
CBV cerebral blood volume
CI cerebral infarct
CMI cella media index
CT computed tomography
CSF cerebrospinal fluid
DIND delayed ischemic neurological deficit
3DRA 3 dimensional rotational angiography
DSA digital subtraction angiography
DWI diffusion weighted imaging
FDR false discovery rate
FWE family-wise error
GCS Glasgow Coma Scale
GM gray matter
GOS Glasgow outcome scale
HC hippocampus
IA intracranial aneurysm
ICA internal carotid artery
ISUIA International study on Unruptured Intracranial Aneurysms
ISAT International Subarachnoid Aneurysm Trial
H&H Hunt and Hess scale
MCA middle cerebral artery
MDCTA multidetector computed tomography angiography
MIA multiple intracranial aneurysms
MNI Montreal Neurological Institute
MPR multiplanar reformat
MPRAGE magnetization prepared rapid acquisition gradient echo
MRA magnetic resonance angiography
MRI magnetic resonance imaging
MTT mean transit time
PCA posterior cerebral artery
PComA posterior communicating artery
PCT perfusion computed tomography
PD proton density
QOL quality of life
ROI region of interest
SAH subarachnoid hemorrhage
SD standard deviation
SI signal intensity
SPET single photon emission computed tomography
SPM statistical parametrical mapping
TCD transcranial Doppler
VBA vertebrobasilar artery
VBM voxel-based morphometry
WM white matter
WMH white matter hyperintensity
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1. INTRODUCTION
Aneurysmal subarachnoidal hemorrhage (aSAH) is a devastating disease with an
overall case-fatality of 40- 50% (van Gijn et al. 2001). The incidence of aSAH is
increasing concistently with age (de Rooij et al. 2007, Fogelholm 1981). However,
the median age of death caused by aSAH is significantly lower being 59 years,
compared to 73 years for intracerebral hemorrhage and 81 years for ischemic stroke.
It has been estimated that aSAH covers over 25% of all stroke-related years of
potential life lost before of age 65 (Johnston et al. 1998). Moreover, most of the
surviving patients are left with neurological deficits and neuropsychological and
cognitive impairments (Molyneux et al. 2002, Molyneux et al. 2005, Vapalahti et al.
1984, Vilkki et al. 1989). The factors that influence long-term cognitive outcome after
aSAH are clinically important as such factors may be potentially modifiable. This
study was carried out to describe in detail the magnetic resonance imaging (MRI)
outcome one year after aSAH in patients who were randomly assigned to surgical
clipping versus endovascular coil treatment of the ruptured aneurysm. The aim was
to discover, if MRI could provide valuable information on patients' recovery potential
together with detailed neurological and neuropsychological examination after aSAH.
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2. REVIEW OF THE LITERATURE
2.1. Subarachnoid hemorrhage (SAH)
2.1.1. Incidence, etiology and risk factors
Aneurysmal subarachnoid hemorrhage is a serious condition: global mortality
ranges from 32 to 67% (Hop et al. 1997). Twenty to 30% of the survivors are left with
disabling sequelae. Half of the patients who were previously employed cannot return
to their previous work after aSAH (Buchanan et al. 2000). Another study has showed
that 60% of aSAH victims referred to neurosurgical unit can be saved and can
recover to normal (Saveland et al. 1992). A recent review including 51 studies (33
new) reported an overall incidence of aSAH being approximately 9 per 100 000 (de
Rooij et al. 2007). However, aSAH is significantly more common disease in Finland
and Japan compared to other countries (de Rooij et al. 2007, Fogelholm 1981,
Inagawa et al. 1995, Sarti et al. 1991).
The cause for non-traumatic SAH is rupture of an intracranial aneurysm (IA) in
more than 80% of cases (van Gijn et al. 2001). Risk factors for aSAH are advanced
age (Rinkel 2008, Rinkel et al. 1998 ), female gender (Linn et al. 1996, Morita et al.
2005, Rinkel 2008, Rinkel et al. 1998), smoking (Feigin et al. 2005, Isaksen et al.
2002, Juvela et al. 1993) , hypertension (Feigin et al. 2005, Feigin et al. 2005,
Sandvei et al. 2009), excessive use of alcohol (Feigin et al. 2005), having one or
more affected close relatives with aSAH (Rinkel et al. 1998, Ronkainen et al. 1997)
and autosomal dominant polycystic kidney disease (Gieteling et al. 2003, Rinkel et al.
1998, Ronkainen et al. 1997). Furthermore, the larger size and irregular shape and
certain locations (vertebrobasilar, posterior and anterior communicating arteries) of
the aneurysm have been listed to increase the risk of rupture in asymptomatic
patients with incidental cerebral aneurysm (Wiebers et al. 2003).
2.1.2. Cerebral aneurysms
Intracranial arterial aneurysms (IA) are not congenital, but develop in the course
of life. An estimated frequency of cerebral aneurysm for an average adult without
specific risk factors is 2-3% (Rinkel et al. 1998) and the percentage increases with
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age. Most cerebral aneurysm are saccular and arise at sites of arterial branchings,
usually at the base of the brain, either on the circle of Willis itself or at nearby
branching points. The risk of rupture increases along the size of an aneurysm, but
most ruptured aneurysms are small, less than 10 mm (Rinkel et al. 1998). Reports of
IA in some patients with rare mendelian disorders such as autosomal dominant
polycystic kidney disease, Ehlers-Danlos syndrome type IV, Marfan syndrome,
neurofibromatosis type 1 and fibromuscular dysplasia suggest that IAs are more
common in subjects with these diseases than in the general population (Schievink
1997, Schievink et al. 2005, Wills et al. 2003). There are different basic types of
intracranial aneurysms: saccular or “berry” aneurysms, fusiform aneurysms, blood
blister-like aneurysms and dissecting aneurysms. Saccular aneurysms are the most
common type and they are true aneurysms, i.e., they are dilations of vascular lumen
due to weakness of all vessel wall layers. The aneurysmal sac itself is usually
composed only of intima and adventitia. The adventitia may be infiltrated by
lymphocytes and phagocytes. Trombotic debris is often present in the lumen of
aneurysmal sac (Okazaki 1989). The occurrence, growth, thrombosis, and even
rupture of intracranial saccular aneurysms can be explained by abnormal
hemodynamic shear stresses on the walls of large cerebral arteries, particularly at
the branching points of the arteries (Strother et al. 1992). It has been recently
suggested that before rupture, the wall of saccular cerebral artery aneurysm
undergoes morphological changes associated with remodeling of the aneurysm wall.
Some of these changes, e.g. smooth muscle cell proliferation and macrophage
infiltration, may reflect ongoing repair attempts that thus could be enhanced with
pharmacological therapy (Frosen et al. 2004, Frosen et al. 2006).
2.1.3. Nonaneurysmal subarachnoid hemorrhage
SAH of unknown origin, usually a perimesencephalic type of SAH (pmSAH),
represents 9% to 15% of cases of SAH patients (Kassell et al. 1990). In pmSAH, the
origin of the bleeding remains unclear and various pathogenetic mechanisms, such
as small cerebellar or pontine venous angiomas, capillary telangiectasias, intramural
hematomas of the basilar artery or specific anatomic variations of the
perimesencephalic venous drainage system have been discussed as possible
explanations for nonaneurysmal pmSAH (Ikeda et al. 1998). Patients with pmSAH
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have been shown to regain independence for activities of daily life and have a normal
life expectancy, and they are not at risk for rebleeding. However, up to 25% of these
patients are left with symptoms including headache or dizziness, fatigue,
forgetfulness and irritability (Greebe et al. 2007).
2.2. Vascular anatomy of the brain, circle of Willis and typical aneurysms
2.2.1. Components of circle of Willis
The knowledge of normal vascular anatomy of the brain and angiographic
findings of each individual patient are important in analyzing MR images after aSAH.
With the familiarity of these factors, it is possible to determine the most probable
etiology of the lesions detected on late CT or MR imaging after aSAH (e.g. ischemic
lesions in the vascular territory of the ruptured aneurysm and ischemic lesions in the
other, remote vascular territories and to differentiate the ischemic lesions from the
lesions induced by surgical manipulation) (Hadjivassiliou et al. 2001, Kivisaari et al.
2001).
The anastomotic ring that connects both halves of the “anterior” circulation with
each other and with the vertebrobasilar system is called the circle of Willis. The circle
of Willis lies above the sella turcica within the interpeduncular and suprasellar
cisterns. A complete circle of Willis is an arterial polygon; a nonagon or a nine-sided
structure. The complete circle of Willis consists of two internal carotid arteries (ICAs),
two anterior cerebral arteries (ACAs), the anterior communicating artery (AComA),
two posterior communicating arteries (PComAs), the basilar artery (BA) and two
posterior cerebral arteries (PCAs). Moreover, the middle cerebral arteries (MCA) are
a continuum of the ICA distal to branching point of the ACAs. The different variations
and incompleteness of circle of Willis are common. Most of the “berry” or saccular
aneurysms arise from the branching points of these vessels (Osborn 1999). Figure 1
shows the complete circle of Willis.
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Figure 1. Cerebral cast angiography demonstrating a complete circle of Willis, basilar artery,
distal vertebral arteries (VA)s and right and left middle cerebral arteries.
2.2.2. Typical sites for cerebral saccular aneurysms and aneurysm detection
In Finland, the following aneurysm locations have recently been reported: AComA
31.5%, MCA 33.1%, PComA 12.4%, ICA 8.1%, distal ACA 5.7%, VBA 9.3% (van
Munster et al. 2008). According to a recent study from eastern Finland with 1068
aSAH patients (59% of these were female), the most frequent sites for cerebral
sporadic, ruptured intracranial aneurysms (IA)s were reported as following; ICA (ICA
and PComA) 23%, ACA (A1, AComA, A2-A5) 35%, MCA (M1, Mbif, M2-M5) 32%, VA
22
(VA and posterior inferior cerebellar artery (PICA)) 3%, BA (BA bifurcation) 6% and
PCA 1% (Huttunen et al. 2009). However, the most frequent site for unruptures sIAs
was the MCA bifurcation (39-44% of the unruptured aneurysms). In Finland, the
predominance of MCA aneurysms has also been reported in other series (Fogelholm
1981, Pakarinen 1967), while forensic reviews report slightly different locations for
ruptured cerebral aneurysms; 20-27% ACA, 26-34% MCA, 37-46 % ICA and 8-13%
VBA (Rinkel et al. 1998).
Noninvasive imaging studies such as spiral computed tomographic angiography
(CTA) or high-resolution magnetic resonance angiography (MRA) imaging can
provide an overview of the carotid siphon and major arteries at the base of the brain.
Detailed examination of the circle Willis, especially visualizing its' small but important
perforating branches still relies on the high resolution conventional digital subtraction
angiography (DSA). Because the circle of Willis constitutes the best potential source
of collateral blood in occlusive vascular disorders, awareness of its normal anatomy
is essential, even though the vascular supply can widely vary in an individual patient.
Accurate angiographic evaluation is also an integral part of preoperative planning
before surgery or endovascular treatment of the ruptured aneurysm.
2.2.3. Cortical branches of the supratentorial cerebral arteries and their
vascular territories
The distal segment of the ACA, the pericallosal arteries, gives rise to the cortical
and callosal branches. The callosal branches supply the rostrum, genu and the body
of the corpus callosum. These branches are joined posteriorly by the splenial
branches of the PCA. In the most frequent disposition, the cortical area of supply of
the ACA is the medial surface of the hemisphere extending to the superior frontal
sulcus and the parieto-occipital sulcus. On the orbitofrontal surface, the arterial
territory includes the medial orbital gyri. At the most, the cortical ACA territory
reaches the inferior frontal sulcus, and at the least, it includes only the anterior part of
the frontal lobe (Osborn 1999, Tatu et al. 1998).
The MCA is divided anatomically into four segments: horizontal segments (M1),
insular segments (M2), opercular segments (M3; the first ascending branch is
sometimes historically called the “candelabra” because the angiographic appearance
resembles a branched candlestick) and cortical branches (M4).The MCA begins its
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division into cortical branches at the base of the Sylvian fissure, extends over the
surface of the hemisphere and forms M4 segments. The most frequent area of
supply of the MCA extends from the lateral surface of the hemisphere to the superior
frontal sulcus, the intraparietal sulcus, and the inferior temporal gyrus. On the
orbitofrontal surface, the arterial territory includes the lateral orbital gyri. The
maximum area covers the whole lateral surface of the hemisphere, reaching the
interhemispheric fissure. The minimum territory is confined between the inferior
frontal and the superior temporal sulci (Osborn 1999, Tatu et al. 1998).
As the PCA approaches the dorsal surface of the midbrain, it gives rise to cortical
branches. The branches include the hippocampal arteries and the splenial artery that
anastomose with the distal part of the pericallosal artery to supply the splenium of the
corpus callosum. The most frequent cortical distribution of the PCA includes the
inferomedial surfaces of the temporal and occipital lobes extended to the parieto-
occipital fissure. In general, the parieto-occipital and calcarine arteries supply the
posterior one third of the brain, along with the interhemispheric fissure including the
primary visual cortex. At the most, the cortical supply can extend as far as the
superior temporal sulcus and the upper part of the precentral sulcus, and at the least,
the supply can extend only as far as the medial face of the occipital lobe, limited by
the parieto-occipital fissure (Osborn 1994, Osborn 1999, Tatu et al. 1998).
2.2.4. Perforating branches of the circle of Willis and Middle Cerebral artery
Important perforating branches arise from every part of the circle of Willis and
middle cerebral artery: 1. From anterior cerebral arteries arise the medial
lenticostriatae arteries and quite often the recurrent artery of Heubner, which can
supply the caudate nucleus head, anterior limb of the internal capsule and part of the
basal ganglia. 2. From anterior communicating artery arise perforating brances to
supply the superior surface of the optic chiasm and anterior hypothalamus. These
branches may have a significant vascular territory that includes part of the corpus
callosum, columns of the fornix, parolfactory areas, lamina terminalis and
hypothalamus. 3. From posterior communicating arteries arise number of small, but
important perforating branches, the anterior thalamoperforating arteries to supply part
of the thalamus, the infralenticular limb of the internal capsule and optic tracts. 4.
From distal basilar artery and proximal posterior cerebral arteries arise numerous
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small perforating arteries. These branches, the posterior thalamoperforating arteries
and the thalamogeniculate arteries supply the midbrain and thalamus. 5. From the
middle cerebral artery arise the lateral lenticulostriatal arteries, which supply the
substantia innominata, lateral aspect of the anterior commissure, most of the
putamen and lateral globus pallidus, the superior half of the internal capsule and
adjacent corona radiate, and the body and the head (except the anterior inferior
portion) of the caudate nucleus. Portions of the optic radiations and arcuate
fasciculus are also supplied by these branches (Osborn 1999).
2.2.5. Circulation of the brainstem and cerebellum
The cerebellar arterial supply depends on three long arteries. The posterior
inferior cerebellar artery (PICA) gives rise to two branches and vascularises the
inferior vermis and the inferior and posterior surfaces of the cerebellar hemispheres.
The anterior inferior cerebellar artery (AICA) supplies the anterior surface of the
simple, superior, and inferior semilunar lobules as well as the flocculus and the
middle cerebellar peduncle. The superior cerebellar artery (SCA) divides into medial
and lateral branches and vascularises the superior half of the cerebellar
hemispheres, vermis and the dentate nucleus. These three cerebellar arteries also
take part in the vascularisation of the brainstem. The territory of the SCA often
includes the upper part of the pontine tegmentum. The PICA takes part in the lateral
and posterior arterial groups of the medulla. The AICA supplies the middle cerebellar
peduncle and often the lower part of the pontine tegmentum (Duvernoy 1999, Osborn
1999, Tatu et al. 1996). However, the vascular anatomy of the posterior fossa can be
extremely variable in different individuals.
2.3. Treatment
2.3.1. Natural history of ruptured cerebral aneurysms
Once an aneurysm has ruptured, rebleeding is the most feared complication.
Rebleeding peaks in the first few days after the initial bleeding (Kassell et al. 1983,
Pakarinen 1967). Rebleeding is more frequent in patients with poor clinical condition
and those with large aneurysms. If an aneurysm is not treated, the risk of rebleeding
25
within 4 weeks is estimated to be 35-40% (Hijdra et al. 1987). The outcome after
aSAH is very poor without treatment. In the historical Finnish series by Pakarinen,
the mortality at first recurrence was 64% and at second recurrence it had risen to
86% (Pakarinen 1967).
2.3.2. Clinical assessment of an aSAH patient
The clinical condition of a patient needs to be evaluated acutely after aSAH,
since severity of bleeding is the most important prognostic factor for clinical outcome
(Koivisto et al. 2000). The Hunt & Hess grading scale (Hunt et al. 1966) is the most
common system for grading the clinical condition of the patient and it is widely used
for aSAH patients as following: Grade 0= Asymptomatic, no bleeding, I=
Asymptomatic, or minimal headache and/or slight nuchal rigidity, II= Moderate to
severe headache, nuchal rigidity, no neurological deficit other than cranial nerve
palsy, III= Drowsiness, confusion, or mild local deficit, IV= Stupor, moderate to
severe hemiplegia, possibly early decerebrate rigidity, and vegetative disturbances,
V= Deep coma, moribund appearance. Also the Glasgow Coma Scale (GCS) is
commonly used in clinical practise, (Teasdale et al. 1976) and it has further been
modified in the World Federation of Neurosurgical Societies (WFNS) classification
(Report of  Word Federation Of Neurological Surgeons Committee, 1988).
Since the natural history of the ruptured aneurysm is poor, an early treatment
should be performed (Fogelholm 1981). The treatment options for excluding a
ruptured aneurysm from the circulation are microneurosurgical clipping (Krayenbuhl
et al. 1970) and endovascular procedures, e.g. coiling (Molyneux et al. 2005).
2.3.3. Surgical Treatment of ruptured aneurysms
The goal of surgical treatment of IAs is to isolate the aneurysm from the
circulation, while preserving the normal blood flow through parent artery and branch
vessels. Surgical treatment is best performed in a microsurgical operation, where a
neurosurgeon places a clip across the aneurysm neck (Yasargil et al. 1975). This
was first done by W. Dandy in 1938 (Dandy 1938), but only in 1960s, after the
introduction of operation microscope and improved neurointensive-care, the results
of surgery for ruptured aneurysms reached an acceptable level of morbidity and
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mortality in good-grade patients (Dandy 1938, Kassell et al. 1982, Langmoen et al.
1999, Vapalahti et al. 1984).  Most of the ruptured aneurysms are surgically
operable. However the location, size and the configuration of the ruptured aneurysm
may sometimes complicate the operation (Hernesniemi et al. 1993). Posterior
circulation aneurysms can be difficult lesions to be treated by surgery, and they have
potential for high morbidity and mortality (Rosengart et al. 2007), particularly in
elderly patients or patients in poor neurological condition (Schievink et al. 1995).
Anecdotal clinical series have reported other surgical techniques, such as external
wrapping, coating of IAs and the use of the excimer laser-assisted nonocclusive
anastomosis technique (ELANA) for surgical  treatment of ruptured aneurysms not
suitable for conventional surgery (Bederson et al. 2009, Muench et al. 2007). Modern
surgical clips are nonferromagnetic and safe for MR imaging (Kanal et al. 1999).
2.3.4. Endovascular treatment of ruptured aneurysms
Endovascular techniques were first used for aneurysms that were considered
inoperable or in patients whose previous surgical treatment had failed (Guglielmi et
al. 1992, Malisch et al. 1997). In 1991 Guglielmi and his co-workers introduced an
electrically detachable coil system (GDC) which started the endovascular treatment
era of ruptured IAs (Guglielmi et al. 1991, Guglielmi et al. 1991). GDCs are pushed
into the aneurysm sac through a microcatheter, and they can be repositioned,
retrieved, or replaced by a coil of different size until the situation is considered
satisfactory. GDCs are detached from the deploying wire by electrolysis. The
standard coil embolization techniques have developed further since GDCs and other
detachable platinium coils. For example soft coils, 2D and 3D shaped coils (Lubicz et
al. 2005, Slob et al. 2005), liquid embolic materials (Molyneux et al. 2004),
remodelling techniques (Moret et al. 1997) and endovascular stents have been
introduced (Lylyk et al. 2005, Tahtinen et al. 2009). Embolization with coils has
recently been used increasingly for treatment of IAs (Brilstra et al. 1999, Molyneux et
al. 2002, Molyneux et al. 2005, Renowden et al. 2009, Vinuela et al. 1997). A
majority of small and moderate sized aneurysms with reasonable neck-aspect ratio
are treatable by endovascular means (Vinuela et al. 1997). Common reasons for
relative unsuitability for endovascular treatment are: aneurysmal size too small/too
large, unsuitable neck-aspect ratio, aberrations in intracranial vasculature,
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incorporation of distal branches in the aneurysmal neck, aneurysm symptomatic due
to mass effect, acute recurrence/re-bleed that follows initial endovascular treatment,
and attempted, but unsuccessful prior endovascular treatment. Ruptured cerebral
aneurysms deemed unsuitable for endovascular intervention are often difficult to treat
surgically (Choudhari et al. 2007). Long-term studies evaluating the experience with
aneurysm coil embolization during the past decade indicate that embolization of the
ruptured aneurysm is a safe and durable treatment method (Koebbe et al. 2006, van
der Schaaf et al. 2005). However, as a result of the lower rates of complete occlusion
of the aneurysm after endovascular than surgical treatment (Gerlach et al. 2007,
Murphy et al. 2005, Ogilvy et al. 2002), the questions regarding the long-term efficacy
of coiling and the possibility of higher rates of rebleedings and recurrence remain
(Molyneux et al. 2009, Raftopoulos 2005). A recent study shows that virtually all
aneurysm reopenings develop within the first 6 months after coiling. Thus no
prolonged imaging follow-up is routinely suggested for those aneurysms that are
adequately occluded during this time (Rooij et al. 2009). Endovascular coils are
nonferromagnetic and thus safe for MR imaging (Shellock et al. 1997).
2.3.5. Combination treatment of ruptured aneurysms
Although most aneurysms can be clipped microsurgically or coiled endovascularly,
a subset of patients may require a combined (crossover) approach. Multimodality
approaches are best used with complex aneurysms in which conventional therapy
with a single modality has failed (Lawton et al. 2008, Thielen et al. 1997).
2.3.6. Treatment for associating non-ruptured aneurysms
Unruptured, associated aneurysms are found in up to 30% of patients with aSAH
(Huttunen et al. 2009, Investigators 1998, Juvela et al. 2000, Rinne et al. 1994).
Different national cohorts of aSAH patients differ with respect of age of the patient
and the number and sites of associated aneurysms. When Dutch and Finnish
population were compared, multiple aneurysms were more frequent in Kuopio
(27.8%) than in Utrecht (14.8%) (van Munster et al. 2008). According to local study,
multiple MCAAs, found in 20% of the patients with aneurysms, were common in this
Finnish population (Rinne et al. 1996). A large multicenter study, ISUIA- Unruptured
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Intracranial Aneurysm: Risk of Rupture and Risks of Surgical Intervention Study,
showed that the likelihood of rupture of (unruptured) IAs that were less than 7 mm in
diameter was exceedingly low in group of patients who had no history of aSAH from
a different aneurysm and was substantially higher among those patients with a
history of aSAH from a different aneurysm (Wiebers et al. 2003). A coexisting or
associated nonruptured aneurysm of all sizes in patients with aSAH due to another
treated aneurysm carry a higher risk for future hemorrhage than similar sized
aneurysms without a prior SAH history. Other factors that favour treatment for
unruptured aneurysms include several factors: a young patient with a long life
expectancy, a family history of aneurysm rupture, large aneurysms, symptomatic
aneurysms, observed aneurysm growth, and established low treatment risks
(Bederson et al. 2000).
2.3.7. Consequences and complications of aSAH (Acute impact to brain,
hematomas, vasospasm, microcirculatory dysfunction, delayed ischemic
neurological deficit and hydrocephalus)
19 - 22% of patients with aSAH presents with an intracerebral hematoma (ICH)
(Kivisaari et al. 2001, Tokuda et al. 1995). The clinical outcome of aSAH patients with
ICH is worse than that of aSAH patients without ICH (Bailes et al. 1990, Hauerberg et
al. 1994).
Vasospasm following cerebral aneurysm rupture is one of the most devastating
sequelae and is traditionally thought to present the most common cause of delayed
ischemic neurological deficits (DIND) (Fisher et al. 1977) and a common cause of
morbidity and mortality in the patients who survive the initial bleeding. Vasospasm is
a frequent complication in the early clinical course after aSAH, occurring in 40 to 70%
of patients (Schuknecht et al. 1999).
The peak frequency of cerebral ischemia is from 5 to 14 days after aSAH.
Although DIND has traditionally been interpreted to be caused by vasospasm
(Fergusen et al. 2007, Fisher et al. 1980) and arterial narrowing, recent studies show
that arterial narrowing is neither a necessary nor a sufficient condition (Rabinstein et
al. 2004, Rabinstein et al. 2005, Weidauer et al. 2007). Not all patients with DIND
have macrovascular vasospasm and there are other mechanisms, such as
hypovolemia, hypotension (Chang et al. 2000, Wijdicks et al. 1985), impaired
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fibrinolytic activity, inflammatory and endothelium-related processes leading to the
activation mechanisms of the coagulation cascades and formation of microtrombosis
and thus leading to development of DIND (Vergouwen et al. 2008). Predictors for
ischemic lesions in the vascular territory other than the ruptured aneurysm are the
total amount of subarachnoid blood (Brouwers et al. 1992, Rabinstein et al. 2004)
and loss of consciousness at the time of hemorrhage (Brouwers et al. 1992, Hop et
al. 1999), which suggests that the global ischemia during the initial event could well
be the key factor (van der Schaaf et al. 2006). The triple H-treatment including
induced hypertension, hypervolemia and hemodilution, is usually the intervention
strategy, although controlled trials are missing (Bederson et al. 2009). Oral
nimodipine have been indicated to reduce poor outcome related to aSAH (Allen et al.
1983). The value of other calcium antagonists, whether administrated orally or
intravenously, remains still uncertain (Bederson et al. 2009). Neurointerventional
treatments such as transluminar balloon angioplasties and infusions of intra-arterial
vasodilating agents such as nicardipine or nimodipine are also widely used in many
units treating patients after aSAH (Hoh et al. 2005, Rabinstein et al. 2004, Tejada et
al. 2007), but the effectiveness of these therapies is not well established (Bederson
et al. 2009). Treatment of aSAH patients with several pharmacological agents such
as aspirin, enoxaparin, tirilizad, magnesium sulphate, ebselen, endothelin-1a
antagonists and the role of statins have been recently published, but the benefits of
these therapies still remain unclear and further studies are needed (Bederson et al.
2009). Systemic hypothermia has been used in several clinical settings to protect the
brain against ischemic injuries, but its role in treating aSAH patients has not been
established (Bederson et al. 2009, Todd et al. 2005).
The concept of early brain injury (EBI) has been introduced only recently and
refers to the immediate injury to the brain as a whole, occurring within the first 72
hours of the ictus, secondary to aSAH. Therefore EBI refers to the events that occur
in the brain before the development of vasospasm, including elevation of intracranial
pressure, reduction of cerebral blood flow, suppression of cerebral perfusion
pressure, fall in brain oxygenation and neuronal cell death. It can be suggested that
the etiology of vasospasm may be linked to that of EBI, because they share many of
the same characteristics (Kusaka et al. 2004). Major early injuries after the initial
bleeding are breakdown of blood– brain barrier (BBB) and formation of brain edema
(Doczi 1985). There are currently a number of pathways that have been implicated to
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EBI and breakdown of BBB including the apoptotic cell death occurring in neurons
and in cerebral endothelial cells, inflammatory and ischemic pathways (Cahill et al.
2006, Doczi 2001). MRI has been described as a powerful tool for the non-invasive
detection of EBI. In experimental models, the use of apparent diffusion gradients
demonstrates cellular swelling after a propagating wave of ischemia, which could be
seen spreading throughout the ipsilateral and contralateral hemispheres (Busch et al.
1998). Animal studies using SAH models have demonstrated profound hippocampal
neuronal loss (up to 30%) within relatively short period of time. It is believed that the
loss of hippocampal neurons occur secondary to the global ischemia, which occurs at
the time of SAH (Park et al. 2004). EBI has been speculated to present a
combination of physiological insults to the brain, resulting in global ischemia, BBB
breakdown, edema and cellular death signalling. These changes occur acutely and
chronically although after 72 hours vasospasm becomes the main protagonist. The
consequences of EBI can be seen in immediately and in the long term (Cahill et al.
2006, Cahill et al. 2009).
Chronic hydrocephalus is a well-known complication following aSAH occurring in
10-30% of patients (Dehdashti et al. 2004, Gruber et al. 1999, Jartti et al. 2008,
Tapaninaho et al. 1993). Well established risk factors for chronic hydrocephalus
requiring a shunt placement include: advanced age, Hunt and Hess Grades IV-V,
Fisher Grades 3-4, intraventricular bleeding and acute hydrocepahalus on admission
(Dehdashti et al. 2004, Dorai et al. 2003, Tapaninaho et al. 1993). Additionally,
vertebrobasilar origin of the ruptured aneurysm, postoperative complications
(Tapaninaho et al. 1993) and clinical vasospasm and endovascular treatment (Dorai
et al. 2003) have also been reported as risk factors for shunt-dependent
hydrocephalus. A recent study reported a relative risk reduction for hydrocephalus in
aSAH patients, in whom the fenestration of lamina terminalis had been performed in
the surgical operation (Komotar et al. 2009).
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2. 4. Diagnostic Imaging in acute SAH
2.4.1. Computed tomography (CT) and CT angiography (CTA)
Computed tomography scanning is the first imaging procedure when SAH is
suspected. Blood detected in the basal cisterns on CT highly suggests a ruptured
aneurysm (van Gijn et al. 1980) in patients without trauma. CT scanning has a high
ability to detect the extravasated blood in the basal cisterns and the local maxima of
the blood may suggest the most probable location of the ruptured aneurysm (van der
Jagt et al. 1999). Timing of the CT scan after bleeding is associated with the
probability of recognizing a hemorrhage on CT scans, which is 85% after 5 days,
50% after 1 week, 30% after 2 weeks (mostly patients with hematomas), and almost
nil after 3 weeks (van Gijn et al. 1982). Fisher grading has been widely applied to
quantify the amount of blood in cisterns: Grade 1= no blood detected, Grade 2=
diffuse blood, vertical blood layers (interhemispheric, ambient, lateral sylvian
cisterns), <1mm thick, Grade 3= localized clot and/or vertical blood layers > 1mm
thick, Grade 4= intracerebral or intraventricular clot with diffuse or no subarachnoid
blood. Because Fisher developed the grading system only for his own research
purposes, the actual blood clot thicknesses referred in his scale are not directly
applicable in clinical use. Consequently, Grades 1-2 are usually referred as mild and
moderate bleeding and Grades 3-4 are referred as severe bleeding (Fisher et al.
1980, Friedman et al. 2002). The amount of extravasated blood on the initial CT scan
is related with subsequent vasospasm, delayed cerebral ischemia and clinical
outcome (Bell et al. 1980, Fisher et al. 1980, Kistler et al. 1983, Suzuki et al. 1980).
After SAH has been diagnosed, the multidetector computed tomography angiography
(MDCTA) is usually immediately performed to detect the ruptured aneurysm. Sixty-
four-row MDCTA can provide prompt and accurate diagnostic and anatomic
information in the setting of SAH with an excellent detection rate in acute ruptured
aneurysms (Kangasniemi et al. 2004, Nijjar et al. 2007, Pechlivanis et al. 2005).
Recently, subtraction 3D CTA has been compared favourably with DSA for detection
and characterization of IAs (Li et al. 2009, Sakamoto et al. 2006). When 64-slice CTA
is used in the evaluation of aSAH, the information obtained is usually adequate to
determine treatment modality allocation in two-thirds of the cases (Agid et al. 2006,
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Miley et al. 2008 ) and the possibility of coil embolization can be reliably determined
with multidetector CTA (Papke et al. 2007, Westerlaan et al. 2007).
2.4.2. Digital subtraction angiography (DSA)
Conventional cerebral angiography is still the gold standard for aneurysm
detection (van Gijn et al. 2001). Cerebral DSA is relatively safe and the rate of
neurologic complications seems to have decreased in the modern era with smaller
angiographic catheters, new contrast materials and DSA allowing smaller volumes of
radiographic contrast per injection. The combination of DSA with 3D rotational
angiography (3DRA) is currently the most sensitive technique to detect untreated
aneurysms and should be performed in suspicious cases of SAH where the
aneurysm is not depicted by 64 MDCTA, because 64 MDCTA may occasionally miss
aneurysms less than 3-4 mm in size (McKinney et al. 2008). With intraarterial DSA,
the prevalence of permanent neurologic deficit has been reported to be 0.3% in 1992
(Waugh et al. 1992). Heiserman et al. (1994) prospectively evaluated one thousand
consecutive cerebral angiographic procedures performed using transfemoral
catheterization and film-screen methods. The overall incidence of neurologic deficits
was 1.0 % and the incidence of persistent deficit was 0.5 % (Heiserman et al. 1994).
All complications occurred in patients presenting with a history of stroke, TIA or
carotid bruit, a patient population known to be at risk for atherosclerotic changes.
However, the risk of permanent neurological complication associated with cerebral
angiography in patients with SAH is significantly lower, 0.07-0.9% (Cloft et al. 1999,
Dion et al. 1987). In addition to neurological complications other angiographic
complications are possible following DSA including hematomas and
pseudoaneurysms of the puncture site, local or systemic infections, thrombosis of the
femoral artery, renal damage and adverse reactions with the use of contrast.
Angiographic studies serve not only to identify one or more aneurysms as
potential causes in a patient with aSAH, but also to study the anatomical
configuration of the aneurysm in relation to adjoining arteries, which allows optimum
selection of treatment (coiling or clipping) (van Gijn et al. 2007). The 3DRA
furthermore improves the detection of small aneurysms, especially locating on the
anterior communicating artery (van Rooij et al. 2008, van Rooij et al. 2008). The
3DRA with modern software helps to reconstruct the surface luminar anatomical
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conditions of the aneurysm and it has been demonstrated to have a good correlation
to surgical anatomy (Tanoue et al. 2000).
2.4.3. MRI and MR angiography (MRA)
Because of the greater availability and feasibility of CT imaging in patients with
suspected subarachnoid hemorrhage, only a few studies of MRI in the acute phase
after aSAH have been reported. These suggest that during the first few hours and
days, MR with proton density and fluid attenuation recovery (FLAIR) images are as
sensitive as CT imaging (Fiebach et al. 2004). After the initial days, when
hyperdensity on CT scans decreases, MR is better for detecting blood, with FLAIR
and T2* and SWI images being most sensitive techniques (Mitchell et al. 2001,
Thomas et al. 2008, van Gijn et al. 2007). Although conventional angiography
remains the gold standard for aneurysm detection, sometimes non-invasive
techniques are used for detection of ruptured aneurysm. 3D time-of- flight (TOF)
magnetic resonance angiography (MRA) does not require contrast material and it is
the most convenient diagnostic study not carrying essentially any risks. MRA-TOF
has been mainly used for aneurysmal screening of people at high risk of aneurysms
(Ronkainen et al. 1997, van Gijn et al. 2007), but the procedure is less feasible for
patients who are restless or need mechanical ventilation, and therefore less suitable
in acute subarachnoid hemorrhage. Moreover, MR angiography is rarely sufficient for
treatment planning. However, standard cross-sectional MR is the best method to
demonstrate the presence of thrombus within the aneurysmal sac (Curnes et al.
1993). MR-TOF angiography can detect IAs as small as 2-3 mm in diameter,
although the detectability is lower for small aneurysms (Okahara et al. 2002).
Compared to DSA, the sensitivity of 1.5-T MRA in detection of IAs has been
demonstrated to be between 79% and 97% and the specificity of 91-100% has been
reported (Okahara et al. 2002, White et al. 2001). Its sensitivity is equivalent to that of
CTA and is dependent of aneurysm size with one study suggesting a minimum size
of 5 mm for a clinically useful degree of sensitivity for both techniques (White et al.
2001). Three-Tesla (3T) MRA is becoming more widely available in clinical practise
and it has been shown to be superior to 1.5- T in depiction of IAs, especially small
aneurysms (Gibbs et al. 2004). For imaging IAs, 3.0-T TOF MR angiography also
offers better image quality than 3.0-T CE MR angiography using the elliptical-centric
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technique (Gibbs et al. 2005). It is essential to distinguish between intradural and
extradural location of the aneurysm, because extradural aneurysms that involve the
cavernous segment of the ICA have little or no risk for the hemorrhage. Therefore
there is no need to preventively treat for SAH and they are commonly just followed
(Kupersmith et al. 1992). However, the ICA is surrounded by bone, the double dural
ring (proximal and distal), the optic nerve, the third cranial nerve and the cavernous
sinus, which contribute to its complex anatomical structure. Contrast-enhanced (CE)
MRA and multiplanar reformat (MPR) are very useful techniques for determining the
location of juxta-dural ring aneurysms (Tsuboi et al. 2007) and CE 3D constructive
interference in steady state (CISS) MR imaging is useful for the differentiation
between paraclinoid and cavernous sinus aneurysms (Hirai et al. 2008).
2.5. Imaging in subacute aSAH
In the subacute stage (days 5-20 after aSAH), the diagnosis of delayed cerebral
ischemia most often requires repeat CT scans and laboratory tests to rule out
hydrocephalus and other systemic reasons (e.g. abnormal electrolytes, infection) as
a cause of the deterioratation of a aSAH patient. Various methods have been used to
measure cerebral blood flow and cerebral perfusion including CT, MRI, positron
emission tomography (PET), single photon emission computed tomography
(SPECT), xenon CT, and transcranial Doppler sonography (TCD).
Because of the reported morbidity associated with transporting critically ill
patients outside of the intensive care unit (ICU), the portable CT scanners for the ICU
have recently been introduced and found to be feasible and cost-effective (Masaryk
et al. 2008). Radiographic assessment of vasospasm after aSAH by quantitative
techniques such as PET and xenon CT, offer tools to identify areas at increased risk
for infarction. MRI is more sensitive in detecting early changes in the brain, especially
with diffusion weighted imaging. Transcranial Doppler sonography, perfusion-CT,
perfusion-MRI and even DSA are used to detect early cerebral ischemia by
increased blood flow velocity, prolonged mean transit time (MTT) or arterial
narrowing (Bederson et al. 2009).
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2.5.1. CT and MR perfusion imaging
Perfusion computed tomography (PCT) is a relatively new technique that allows
rapid qualitative and quantitative evaluation of cerebral perfusion by generating maps
of cerebral blood flow (CBF), cerebral blood volume (CBV) and mean transit time
(MTT). The technique is based on the central volume principle (CBF = CBV/ MTT)
and requires the use of commercially available software employing complex
deconvolution algorithms to produce the perfusion maps (Hoeffner et al. 2004).
MDCTA with PCT can assess the location and severity of cerebrovascular
vasospasm and its related perfusion abnormalities. It can identify severe vasospasm
with risk of delayed ischemia and can thus guide to the invasive treatment (Binaghi et
al. 2007, Sviri et al. 2006, Sviri et al. 2006, Yoon et al. 2006). Cerebral blood flow
alterations are common after aSAH, although it has also been reported that
decreased cerebral perfusion by itself may not be sufficient to cause DIND
(Dankbaar et al. 2009). A recent study suggested that there may be perfusion
abnormality also without macrovascular vasospasm in the watershed areas or in the
vicinity of sulcal cloth.  Also cerebral hyperperfusion alterations have been described
following vasospasm-induced infarctions (Aralasmak et al. 2009). Another recent
study, performed on stroke patients suggested, that increased contrast concentration
improves peak opacification of tissue, indicating that CTP evaluation is better
performed with the highest available concentration contrast agent (Silvennoinen et al.
2007).
Review of the literature yielded only a small number of perfusion-weighted MRI
(PW-MRI) studies in patients with aSAH analysing haemodynamic changes in regard
to the presence of vasospasm (Leclerc et al. 2002, Shimoda et al. 2001), but a recent
study shows that PW-MRI might also reveal early impairment of cerebral
autoregulation in patients after aSAH by means of regional CBF (rCBF) and regional
CBV (rCBV) (Hattingen et al. 2008).
2.5.2. Diffusion weighted imaging (DWI)
Even in the first few minutes after acute arterial occlusion, DWI trace sequences
change into a hyperintense signal and there is a fall in the apparent diffusion
coefficient (ADC) values (Beauchamp et al. 1998). The main pathophysiological
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explanation is the existence of cytotoxic edema due to proton pump failure. As a
result, water moves from the extracellular spaces into the cells. The resultant cellular
swelling leads to a drop in ADC. With a combination of PWI and DWI imaging it is
possible to detect areas with a perfusion–diffusion mismatch which represents areas
of misery perfusion where the tissue is ischaemic but not yet infarcted. This ‘tissue at
risk’ concept derives from studies of ischaemic stroke, grossly identifies the
ischaemic penumbra (Wu et al. 2005). Quantitative measurements of ADC are more
sensitive than DWI for detection of even mild changes in water diffusivity. It has been
shown that patients with vasospasm, including the patients without symptoms,
presented abnormalities on DWI with a reduction of the ADC prevalently in the white
matter (Condette-Auliac et al. 2001). Being able to detect the early abnormalities on
DWI with parenchymal involvement in asymptomatic patients prior to symptomatic
vasospasm might help in preventing the DIND (Condette-Auliac et al. 2001). A recent
study also reported a finding of global vasogenic edema in subacute stage after
aSAH, with elevated ADC values in normal appearing T2-weighted MR images (Liu
et al. 2007).
2.5.3. Positron emission tomography (PET), single photon emission computed
tomography (SPECT), Xenon-CT and transcranial Doppler (TCD)
Positron emission tomography (PET) is the oldest standard for quantitative
evaluation of rCBF and cerebral autoregulation after aSAH (Kawai et al. 2008,
Powers et al. 1985). Naderi et al. demonstrated in 1994 that brain perfusion SPECT
is a nontraumatic, noninvasive, nonallergic, and inexpensive method for predicting
cerebral vasospasm (Naderi et al. 1994). Xenon-CT measures CBF directly and low
CBF values have been found to be associated with the development of ischemic
areas (Yonas et al. 1989). However, PET and SPECT require more time compared to
PCT and thus, they may be unsuitable for restless patients with unstable conditions
in clinical practise. Xenon CT (Xe-CT) is a practical technique which may be
performed bedside and may be used to assess cerebral blood flow response to a
changing variable e.g. vasoactive drug treatment (Carlson et al. 2009). Transcranial
Doppler ultrasonography (TCD) is based on the alterations of blood flow velocities
which correlate to arterial narrowing and thus, in theory, also to CBF and clinical
deterioration (Aaslid et al. 1984). TCD is an old, inexpensive, non-invasive, easily
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repeatable bedside method used to assess indirectly the cerebral perfusion.
However, it is an operator-dependent technique (Horn et al. 2001) and a recent study
concluded that its overall sensitivity for identifying patients at high risk for DIND is
limited (Carrera et al. 2009).
2.6. Late Imaging after aSAH
2.6.1. Computed tomography, CT angiography
CT scanning is widely available, easily repeatable, has short study time, and is
sensitive to detect ischemic lesions and hydrocepahalus. Moreover, CT is less
sensitive to motion artefacts compared to MRI due to considerably shorter scanning
time. CT imaging results correlate strongly with clinical outcome (Juvela et al. 2005,
Naidech et al. 2009, Vilkki et al. 2004) and most imaging studies after aSAH have
been thus far made by using CT. Clip and coil artefacts cause a problem in
determining the exact occlusion rates after both endovascular and surgical treatment
of aSAH, and there are only a few studies using postoperative CTA for controlling the
occlusion rate of the aneurysm. With CTA, the streak artefacts from the coils harass
inevitably the perianeurysmal area and aneurysmal occlusion rates cannot be
satisfactorily evaluated by CTA (Masaryk et al. 2000). However, recent studies
reporting the role of CTA for post-operative evaluation of aneurysmal occlusion rates
after surgical clipping suggest that CTA might be considered valuable in patients
treated with titanium clips (Chen et al. 2009, Uysal et al. 2009). However, for
evaluating the aneurysmal occlusion rates CTA is heavily debated and not commonly
used in clinical practise.
2.6.2. Digital subtraction angiography
Conventional digital subtraction angiography (DSA), especially with 3D rotational
angiography (van Rooij et al. 2008), remains as the gold standard for postoperative
imaging of IAs. A literature review from 1979-1999 with more than 1500 clipped
aneurysms reported a 5.2 % incomplete occlusion after surgical clipping (Thornton et
al. 2000).  According to a recent study, postoperative DSA detects unplanned vessel
occlusions and findings of incomplete occlusions of the aneurysm in one sixth of the
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patients, and posterior circulation aneurysms and large or giant-size aneurysms
seem to be more prone to incomplete clipping (Kivisaari et al. 2004). Significantly
better primary angiographic results have been reported after surgical than
endovascular treatment with anterior circulation aneurysm (Murphy et al. 2005,
Vanninen et al. 1999). The ISAT study reported complete occlusion rates of 66%;
neck remnants or subtotal occlusion rates of 26% and incomplete occlusion rates
were detected in 8% of endovascularly treated patients at one year after aSAH
(Molyneux et al. 2005).
2.6.3. Magnetic resonance imaging and MRA
Magnetic resonance imaging is a powerful tool for diagnosing central nervous
system disorders. There are a few contraindications to MRI. These include the
presence of cardiac pacemakers, implanted neurostimulators, cochlear implants,
metal in the eye, and older ferromagnetic IA clips, which might be displaced by the
magnetic field (Shellock et al. 1991). MRI of the nervous system offers the following
advantages over CT: superior tissue contrast, the ability to obtain images in multiple
planes, the absence of artefacts caused by bone, vascular imaging capability and the
absence of ionizing radiation. Patients with chronic kidney disease, who need
contrast-enhanced (CE) imaging studies, have been traditionally selected to MR
imaging with gadolinium-based contrast-media instead of using CT with iodinated
contrast media in order to avoid the development of contrast-induced nephropathy
(CIN). However, recently the administration of Gd-based contrast agents has been
associated with a severe, potentially fatal, adverse reaction, termed nephrogenic
systemic fibrosis (NSF), in patients with moderate to severe renal insufficiency
(Sadowski et al. 2007, Thomsen 2007) and thus the safety questions of the contrast
media still remain partly unsolved. However, MR imaging with CE is rarely needed to
obtain the diagnostic information of the brain after aSAH.
The disadvantage of MRI is a longer scanning time compared to CT, which
makes MRI more sensitive to motion artefacts and less practical for patients whose
condition is unstable or who are restless. MRI involves imaging of the proton, the
positively charged spinning nucleus of hydrogen atoms that are abundant in tissues
containing water, proteins, lipids, and other macromolecules. A MR image represents
a display of spatially localized signal intensities. These signal intensities, represented
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on the final image as points of relative brightness or darkness, depend on the
strength of the magnetic field and the imaging technique, called the pulse sequence,
as well as on tissue characteristics, including the T1 and T2 relaxation times, the
density of mobile protons, and other factors, such as magnetic susceptibility, chemical
shift, and blood flow. Tissues with a large amount of freely mobile water usually
appear dark in T1-weighted images but bright in proton-density-weighted and T2-
weighted images. Fluids such as cerebrospinal fluid appear very dark in T1-weighted
images, intermediate in proton-density-weighted images, and very bright in T2-
weighted images. For most clinical studies, all three types of images are used
because each contributes to the diagnosis of normal and abnormal structures. On the
other hand, T2-weighted images may be better for detecting necrosis and cyst
formation in a tumor, and T1-weighted images may be best for detecting subacute
hemorrhage. T1-weighted images can be obtained quickly, typically in just a few
minutes. The use of the fast spin-echo imaging techniques has shortened the
scanning times. For cerebral ischemia, MR Imaging is traditionally considered
superior to CT scanning in specificity and sensitivity and the advantages of MRI
compared to CT become more pronounced when brain stem or cerebellum has to be
evaluated (Awad et al. 1986, Edelman et al. 1993, Gilman 1998). The appearance of
hemorrhage on MRI is heterogeneous and varies according to the age hemorrhage,
reflecting the mix of magnetically active products of hemoglobin breakdown and the
physical state of the clot (Gomori et al. 1988). Hematomas that are three or more
days old or older usually have bright components in T1-weighted images at 1.5 T
representing extracellular methemoglobin, whereas chronic lesions (over three weeks
old) contain dark areas in images because of hemosiderin and ferritin. These features
make MRI more sensitive than CT for the detection of older collections of blood;
intracerebral, sulcal and extra-axial (Zyed et al. 1991). Superficial siderosis of the
central nervous system results from hemosiderin deposition in the subpial layers of
the brain and spinal cord. A clinical history of subarachnoid hemorrhage is often
absent. Patients present with slowly progressive gait ataxia and sensorineural
hearing impairment. Superficial siderosis is detected on MR images as a rim of
hypointensity on T2-images, enveloping the cortical fissures, the surface of
cerebellum and brainstem (Kumar 2007). Moreover, T2*-weighted images and
susceptibility-weighted images (SWI) are very powerful to detect superficial areas of
low intensity of the hemosiderin in the chronic phase after aSAH (Imaizumi et al.
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2003, Thomas et al. 2008). Non-heme iron is abundantly present in the brain in three
different forms: "low molecular weight" complexes, iron bound to "medium molecular
weight complexes" metalloproteins such as transferrin, and "high molecular weight"
complexes as ferritin and hemosiderin. Ferritin-bound iron is the main storage form of
iron and is present predominantly in the extrapyramidal nuclei where its amounts
normally increase as a function of age. Ferritin is water soluble and shortens both T1
and T2 relaxation, with results as a signal change on the MR images. Hemosiderin, a
degradation product of ferritin, is water-insoluble with a stronger T2 shortening effect
than ferritin. The larger cluster size of hemosiderin and its water-insolubility explain a
lack of significant T1-shortening effect on T1-weighted images. Thus, in MRI, typical
hypointense rims can be observed under the brain surface on T2-weighted images.
In contrast, on T1-weighted images, the findings are less obvious and if present,
would be shown as hyperintense rims over the brain (Vymazal et al. 2000).
Small, bright foci in the white matter are common incidental findings in T2-
weighted images, especially in elderly patients. Vascular white matter
hyperintensities (WMH) represent one of the main neuroimaging findings in
individuals older than 65 years and their clinical significance is still poorly understood
(Schmidt et al. 1992). Cognitive performance, especially executive functions seem to
associate with WMHs (Jokinen et al. 2006). Periventricular caps and small, bright
subcortical dots correlate with and are risk factors for cerebrovascular disease and
cognitive decline (Awad et al. 1986, Kertesz et al. 1988). Excessive leukoaraiosis has
been associated with e.g. cognitive impairment, difficulties in walking and urinary
incontinence (Kuo et al. 2004). Leukoaraiosis is defined as small vessel white matter
ischemic changes on T2-weighted images with no signal changes on T1-weighted
images, and it can be scored threepoint score as following: absent, punctuate and/or
early confluent and confluent (Schmidt et al. 1999). These lesions correspond
histopathologically with small areas of minor perivascular damage, reduced
myelination, and thinning of the neuropil (Fazekas et al. 1991). Dilated perivascular
(Virchow-Robin) spaces not associated with lesions in the neuropil are preferentially
located in the basal ganglia and midbrain (Heier et al. 1989). They do not appear
bright in proton-density-weighted images (as opposed to true white-matter lesions)
and increase in frequency with age, but after adjustment for the effect of age, they
have no known clinical correlation.
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Non-ferromagnetic platinum coils are inert and induce practically no susceptibility
artefact on MRI when a short echo time is utilized (Walker et al. 2005). MRA has
been used in follow-up studies of previously coiled aneurysms. A vast majority of
embolized patients are eligible to be monitored solely by non-contrast three-
dimensonal TOF-technique (Kahara 2006). The sensitivity of 3D TOF MRA compared
with DSA for detection of residual aneurysm has ranged between 71% and 97% and
the specificity in ruling out residual filling in aneurysms from 89% to 100%,
respectively (Okahara et al. 2004, Westerlaan et al. 2005). Because of the typical
susceptibility artefact (diameter typically 20-30mm) a surgical clip causes (Romner et
al. 1989) MRA TOF cannot be applied for detection of residual aneurysm after
surgical clipping.
2.7. Lesions detected on late MR Imaging after aSAH
In analyzing MR images after aSAH, it is essential to be familiar with the vascular
anatomy and arterial territories of the brain. On the basis of knowledge of normal
vascular anatomy and angiographic findings of each patient, it is possible to
determine the most probable etiology of the lesions detected on CT or MR imaging
(Hadjivassiliou et al. 2001, Kivisaari et al. 2001). Ischemic lesions in parental artery
territory (vascular territory of the ruptured aneurysm) and other vascular territories (a
damage often caused by vasospasm), can thus be differentiated. Late structural
brain damage seen on MR imaging can also be associated with the primary
hemorrhage itself: superficial siderosis and residual signs of hematoma. Knowledge
of surgical techniques used in each case is important when lesions in MR images are
interpreted to be caused by surgery. A majority of the retraction injury lesions are
located in the basal aspect of the frontotemporal lobes (Hadjivassiliou et al. 2001,
Kivisaari et al. 2001). Patients suffering from aSAH have more lesions in the brain
tissue detected by MRI at 2 to 6 years from ictus than might be suspected on the
basis of early CT studies. A Finnish study concluded that 81% of surgically treated
aSAH patients presented with increased signal intensity on T2-weighted images,
consistent with infarction; 48% of the patients had lesions in the frontal lobes
(Kivisaari et al. 2001). However, CT performed 3 months postoperatively revealed
hypodense areas on the scans in only 57% of these patients and showed lesions in
the frontal lobes in only 16% of the patients (Kivisaari et al. 2001).
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2.7.1. Ischemic lesions in the vascular territory of the ruptured aneurysm
Different patterns of cerebral infarcts (CI) can have different pathophysiology.
Single cortical or lenticulostriatal infarction in the vascular territory of the ruptured
aneurysm can be related to primary bleeding or complications of surgery or
angiography and embolization, such as large-vessel occlusion, perforator vessel
occlusion, arterial rupture or dissection (Rabinstein et al. 2005). Recent studies,
particularly those using MRI, report the frequent occurrence of subcortical, often
apparently asymptomatic ischemic areas (Kivisaari et al. 2001, Shimoda et al. 2001).
Rabinstein et al. have introduced the two most common patterns of ischemic lesions
after aSAH; 1. single cortical infarction in the area of the ruptured aneurysm and; 2.
multiple infarctions, often including bilateral and subcortical lesions. It is still unclear,
if these two patterns represent different pathophysiological mechanisms or different
degrees of severity of the same vascular process (Rabinstein et al. 2005). Simple
classification for CI after aSAH (single versus multiple, cortical versus deep versus
combined) has been shown to give useful prognostic information and a recent study
showed that aSAH patients with combined deep and cortical CI was associated with
the worst prognosis (Naidech et al. 2009). According to the vascular anatomy of each
aSAH patient, it can be evaluated if the detected ischemic lesion locates in the
vascular territory of the ruptured aneurysm (Tatu et al. 1996, Tatu et al. 1998).
2.7.2. Ischemic lesions in the vascular territory other than the ruptured
aneurysm
Unlike the tromboembolic stroke or sudden arterial occlusion, cerebral ischemia
after aSAH usually has a gradual onset and it often involves more than the territory of
the parent or a single cerebral artery or one of its branches (Rabinstein et al. 2005).
The clinical manifestations evolve gradually and consist of hemispheric focal deficits
in a quarter of patients, a reduction in the level of consciousness in another quarter
and both signs in the remaining half (Hijdra et al. 1986). According to the vascular
anatomy of each aSAH patient, it can be determined if the detected ischemic lesion
locates in the vascular territory other than that of a ruptured aneurysm (Tatu et al.
1996, Tatu et al. 1998).
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2.7.3. Focal laminar cortical infarcts following aSAH
The recently described infarct pattern after aneurysmal aSAH includes cortical
band-like lesions. In contrast to territorial infarcts or lacunar infarcts in the white
matter which develop as a result of moderate or severe proximal and/or distal
vasospasm visible on angiography, the cortical band-like lesions adjacent to sulcal
clots may also develop without evidence of vessel occlusion or macroscopic
vasospasm, implying a vasospastic reaction of the most distal superficial and
intraparenchymal vessels (Dreier et al. 2002, Naidech et al. 2006, Rabinstein et al.
2004, Weidauer et al. 2008).
2.7.4. Lesions related to hematoma and superficial siderosis
Residual signs of hematoma on late MRI after aSAH can be easily detected with
the help of admission CT scan or control scans after treatment; high-signal-intensity
(SI) lesion on T2-images correlating the primary CT finding. Local or more
widespread sulcal siderosis is often present and 8 to 72% incidence of hemosiderin
after aSAH has been previously published (Imaizumi et al. 2003, Kivisaari et al.
2001). A recent study showed that the extent of hemosiderin deposition was
significantly associated with several factors, including age, CT findings and poor
prognosis. Furthermore, T2*-weighted MRI demonstrated more hemosiderin deposits
in the subarachnoid spaces and cisterns with aneurysms treated with coil
embolization than aneurysms treated with clipping and craniotomy (Imaizumi et al.
2003).
2.7.5. Retraction injury due to surgical manipulation
Knowledge of the surgical techniques used in each individual case is important
when high-SI lesions on T2-weighted MR images are interpreted to be caused by
surgery. A typical retraction injury does not follow the vascular anatomy of the brain.
A majority of the retraction injury lesions are located in the basal and superficial
aspects of the frontotemporal lobes. The volumes of the focal encephalomalasia due
to retraction injury typically vary from large areas adjacent to sylvian fissure to small
areas of resected gyrus rectus (Hadjivassiliou et al. 2001, Kivisaari et al. 2001). The
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orbital surface of the frontal lobe can show individual anatomical variations (Duvernoy
1999, Tamraz 2006). Nonetheless, the gyrus rectus is easily identified and often it
shows focal atrophy due to surgical resection. A wide variety of surgical approaches
has been reported for clipping the ruptured anterior circulation aneurysms, e.g. the
pterional approach (Solomon 2001), the lateral supraorbital approach (Hernesniemi
et al. 2005), the orbitozygomatic approach (Zabramski et al. 1998) and the anterior
interhemispheric approach (Yeh et al. 1985). In the ACA area, the most important
factor in selecting the side of approach is the dominance of A1s in preoperative
imaging; the side of the dominant A1 is often preferred. If a large ICH is present, the
side of ICH is used to prevent bilateral gyrus rectus resection, regardless of the A1
dominancy or other anatomical features. In case of the posterior circulation
aneurysms, e.g. the pterional route, subtemporal (Hernesniemi et al. 2005) lateral
suboccipital (Orakcioglu et al. 2005) and anterior petrosectomy (Figueiredo et al.
2006) approaches have been used. Presence of other aneurysms may influence
selection as clipping of all available aneurysms should be attempted through the
same exposure (Hernesniemi et al. 2008).
2.7.6. Ventricular dilation, permanent shunts
Ventricular dilation after aSAH is usually related to hydrocephalus, however,
ventricular dilation is often combined with sulcal dilation (Vilkki et al. 1989), a finding
similar to the diffuse brain atrophy detected in patients who survive a severe
traumatic brain injury (Poca et al. 2005). As a rough planimetric estimate of
ventricular size, the cella media index (CMI) and the width of the third ventricle have
been used (Jartti et al. 2008). CMI can be calculated when the width of the lateral
ventricles is divided by the width of the outer layer of the skull. Evans index, where
maximal frontal horn width diameter is divided by the maximal width of the frontal
skull has also been used to assess ventricular dilation (Zhang et al. 2008).
2.7.7. Presence of lacunar infarctions and leukoaraiosis
MR is superior to CT to detect small lacunar lesions (lesions in the basal ganglia,
thalamus and white matter), particularly those located deep in the perforator areas
and in the brain stem and cerebellum (Awad et al. 1986, Edelman et al. 1993, Gilman
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1998). Some of these lesions, especially those located in putamen and claustrum
can be asymptomatic (Shimoda et al. 2001). In the recent CT and MRI based
analyses 20-39% of all infarcts after aSAH are lacunar type (Rabinstein et al. 2005,
Shimoda et al. 2001, Weidauer et al. 2007). Many older people have age-related
changes in white matter on brain MRIs (Breteler et al. 1994, Pantoni et al. 1995).
Incidences of leukoaraiosis have been previously reported in 32-60% of aSAH
patients (Hadjivassiliou et al. 2001, Kivisaari et al. 2001).
2.8. Volumetric Magnetic Resonance Imaging
Many MRI-based clinical trials have used quantitative measurements of the brain
tissue volumes. These volumetric studies have been concentrated mainly to
neurodegenerative processes, such as Alzheimer's disease, stroke and multiple
sclerosis, where recent or emerging therapies have been evaluated with volumetric
MRI (Ciumas et al. 2008, Teipel et al. 2008). Various methods are currently available
to study volumetric changes in the brain. Most of these structural analyses are
performed using high-resolution three-dimensional T1-weighted images. Volumetric
analyses can be performed by manually or semimanually delineating regions of
interest (ROI), however, manual methods are time-consuming and rater-dependent.
Moreover, sometimes the focus of interest is in the structural changes occuring in the
whole brain instead in one specific structure and thus several methods that enable
the assessment of the whole brain have been developed. These include
deformation-based morphometry (DBM) (Ashburner et al. 1998, Gaser et al. 2001 ),
which provides information about global differences in brain shape, tensor-based
morphometry (TBM) (Good et al. 2001), which provides information about local shape
differences in the brain and voxel- based morphometry (VBM) (Ashburner et al. 2000,
Good et al. 2001), which compares neuroanatomical differences on a voxel by voxel
basis, and methods for measuring the cortical thickness (MacDonald et al. 2000).
2.8.1. Manual Volumetry
Manual volumetric methods are currently the gold standard to determine the
brain structural volumes and they have been widely used in the clinical studies of
cognitive disorders (AD and MCI), often concentrating to temporomesial structures;
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entorhinal cortex (Insausti et al. 1998), hippocampus and amygdala (Soininen et al.
1994). In the manual measurements the ROI is manually defined in consecutive
slices covering the specific anatomical structure, (e.g. hippocampus) or a specific
detected lesion (e.g. ischemic lesion) on brain MRI. The volume then is determined
from summing all voxels contained in the ROI across all slices and multiplying the
structure or lesion areas by the sum of the section and gap thicknesses. Manual
measurements have further been developed to semiautomatic, commercial methods
such as EasyMeasure (Bendel et al. 2006).
2.8.2. Voxel-based morphometry
The most widely published automated postprocessing method to date is voxel-
based morphometry (VBM). The method is based on a low-dimensional spatial
transformation of brain scans into a common reference space to get rid of global
differences in brain size and shape. After segmentation, differences in grey matter
(GM) volumes remaining on a local scale after accounting for global differences are
the parameters of interest that drive a voxel-based univariate statistic (Ashburner et
al. 2000). In a modified form of VBM, the normalization process is iterated such that
the final normalization parameters are driven by brain grey matter only. This
modification aims to increase the validity of the results by reducing the influence of
non-brain tissue (Good et al. 2001). It is also possible to assess changes in white
matter (WM) and cerebrospinal fluid (CSF), and VBM can be used for longitudinal
evaluations of brain volume changes. The method of VBM is demonstrated on
Figure 2. To determine the anatomical locations of reduced GM, the Montreal
neurological Institute (MNI) coordinates obtained from the peak voxels are
transferred into Talairach space using the mni2tal routine (http://imaging.mrc-
cbu.cam.ac.uk/imaging/MniTalairach). The anatomical locations of the peak voxels in
the significant clusters are determined by using the Talairach Daemon Applet
(Lancaster et al. 2000) and further verified from anatomical brain atlases (Duvernoy
1999, Tamraz 2006).
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Figure 2. Steps of VBM are demonstrated above.
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2.9. Methods for outcome assessment
2.9.1. Clinical outcome scales and prognostic factors
The clinical outcome is usually evaluated at the outpatient department by a
neurosurgeon, usually two to three months after aSAH and treatment of the ruptured
aneurysm. The Glasgow Outcome Scale (GOS) (Jennett et al. 1975) is often used as
a rough outcome measure. GOS scores are graded as following: GOS V= Good
recovery, GOS IV= Moderate disability; disabled, but independent, GOS III= Severe
disability; conscious but disabled, GOS II= Persistent vegetative state, GOS I=
Death. There are other rough categorical outcome grading systems such as old
Rankin Outcome scale (Rankin 1957) which have also been used for assessment of
the clinical outcome.
The main determinant of outcome is the severity of the initial bleed (Broderick et
al. 1994, Hop et al. 1997, Koivisto et al. 2000). The clinical and cognitive outcome is
related to the several well-established pre- and postreatment clinical factors: higher
Hunt and Hess grade, advanced age, a high Fisher score, preoperative
hydrocephalus, clinical vasospasm, and larger aneurysm, all favoring the poorer
outcome (Hernesniemi et al. 1993, Hoh et al. 2004, Kassell et al. 1990, Koivisto et al.
2000 , Molyneux et al. 2005, Salary et al. 2007). Massachusetts General Hospital
grade incorporates prognostic factors such as age, Hunt and Hess grade, size and
location of the aneurysm, and Fisher grade which alone may not demonstrate
statistical association, but may add incrementally to the risk of poor outcome of a
patient (Hoh et al. 2004). Clipping of an anterior cerebral artery aneurysm has been
associated with a higher impairment rating (Bornstein et al. 1987). Furthermore, high
blood glucose levels (Kruyt et al. 2009), occurrence of hypovolemia and hypotension
(Chang et al. 2000) and elevated blood D-dimer (Juvela et al. 2006) have been
correlated with worse outcome.
2.9.2. Neuropsychological outcome
The long-term neuropsychosocial effects of aSAH are considerable, even in
patients who regain functional independence (Wermer et al. 2007). Many patients
surviving from aSAH are left with persisting neurological and cognitive impairments
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(Bellebaum et al. 2004, Hackett et al. 2000, Kreiter et al. 2002, Mayer et al. 2002,
Ogden et al. 1997) and half of the surviving patients cannot return to their previous
work (Powell et al. 2002). During the past decade, there have been many studies
reporting functional outcome; cognitive function and quality of life (QOL).
Neuropsychological testing is a feasible outcome measure (Anderson et al. 2006,
Egge et al. 2005) in patients after aSAH, especially with good clinical outcome.
However, good neurological outcome (GOS V) score does not exclude persisting
neuropsychological deficits, and even 62% of GOS V patients suffer cognitive
impairments (Hutter et al. 1993). Global cerebral edema and diffuse brain damage
and left-sided infarction or frontal medial infarctions are important risk factors for
cognitive dysfunction after aSAH (Kreiter et al. 2002, Vilkki et al. 1989).
2.9.3. Quality of life
Quality of life (QOL) constitutes a criterion of evaluation that describes the daily
life tasks in physical, physiological, and social fields of health and has been
measured in outcome studies after aSAH. The information has been collected with
regard to the QOL by semistructured interview and  different quality of life scores, for
example EURO QOL (EQ-5D) (Brooks 1996, Brooks 1996, Hutter et al. 1993, Ogden
et al. 1997) or validated instruments (Hop et al. 1998, Hop et al. 2001, Hutter et al.
2001).
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3. AIMS OF THE STUDY
The general aim of the study was to determine the MRI outcome and to compare
it in aneurysmal subarachnoid hemorrhage (aSAH) patients who were randomly
assigned to endovascular versus surgical treatment of acutely ruptured intracranial
aneurysms.
The more specific fourfold aims were:
I: To prospectively evaluate, with MR imaging, the long-term outcome of the brain
after endovascular versus neurosurgical treatment for aSAH.
II: To evaluate and compare the volumes of temporomesial structures (amygdala and
hippocampus) after endovascular and surgical treatment of aSAH.
III: To assess the regional atrophic patterns of the brain and their clinical and
neuropsychological relevance after aSAH due to a ruptured anterior cerebral artery
aneurysm by employing voxel-based morphometry (VBM).
IV: To quantify the possible late (atrophic) ventricular and other cerebrospinal fluid
(CSF) space dilation in patients with aSAH and to correlate the cognitive outcome
with the degree of enlarged CSF spaces.
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4. PATIENTS AND METHODS
4.1. Study design and study inclusion criteria and patients
The study design was approved by the Ethical Committee of the University of
Kuopio and Kuopio University Hospital. During the original study period between
February 1, 1995 and December, 1999, all patients who were admitted to Kuopio
University Hospital because of SAH were assessed as candidates for the prospective
randomized study.
CT was performed to all candidates to confirm the diagnosis of SAH. After CT an
informed consent from the patient or from the patients' closest relative were obtained.
The final recruitment into the study was made after the diagnostic angiography,
where the diagnosis of aneurysmal SAH was confirmed. All patients with ruptured IAs
suitable for both endovascular and surgical treatment were consecutively included.
The exclusion criteria for enrollment into the study were the following: 1. Age> 75
years; 2. Bleeding > 3 days previously; 3. Large hematoma requiring urgent surgery;
4. Mass effect of the aneurysm causing neurological deficit; 5. A previous
aneurysmal surgery.
Based on the diagnostic angiography, the aneurysm was not considered as
suitable for endovascular treatment and thus not randomized if: 1. the neck of the
aneurysm was wider than the fundus; 2. the aneurysm was fusiform; 3. the neck and
its' relationship to parent vessel and adjacent branches were not distinguishable; 4.
the size of the aneurysm was < 2 mm (less than the smallest coil available). The
patients' suitability for endovascular treatment and randomization was assessed
according to the morphology of the aneurysm that had most probably ruptured (size
and the irregularity of the aneurysm and the localization of hemorrhage detected on
CT). Randomization procedure was performed in three different categories according
to the pretreatment clinical condition of the patient (Hunt & Hess Grade I-II, Grade III,
and Grade IV-V) in order to avoid the selection bias. Sealed envelopes were
allocated for each group of patients in randomization procedure.
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4.2. Fisher- and Hunt and Hess Grades and clinical vasospasm
Every patient had preoperative CT scans, which were evaluated in consensus by
a neurosurgeon (T.K) and a neuroradiologist (R.V) for assessment of the Fisher
grade (Fisher et al. 1980) and possible hydrocephalus. The Fisher grades were
further dichotomized into grades 0-2 (minor/moderate bleeding) and grades 3-4
(severe bleeding). The Hunt and Hess grades were assessed by one of six resident
neurosurgeons (with 1-6 years of experience) and confirmed by two senior
neurosurgeons. Clinical criteria for symptomatic vasospasm (assessed by one of 7
senior neurosurgeons) were a decrease of Glasgow Coma Scale by ?2 scores or
appearance of new localizing symptoms (dysphasia or hemiparesis); other reasons
for deterioration, e.g. hydrocephalus, metabolic disorders, post-operative bleeding
and infections being ruled out.
4.3. Diagnostic angiography and embolization procedure
The diagnostic angiography was performed via the femoral artery through a 6-F-
introducer. Digital subtraction angiography equipment (Polytron; Siemens Medical
Engineering Group, Erlangen, Germany) with a 1024 x 1024 matrix was used. The
internal carotid and vertebral arteries were selectively catherized. Angiography was
followed by the immediate random assignment and if indicated, endovascular
treatment during the same session. At angiography, the site, orientation and
morphology of the aneurysm were carefully evaluated and the size of the aneurysm
and the width of the neck were measured with a digital caliber using two coins as a
reference. In all grade IV-V patients and majority of grade III patients, embolization
was performed with use of general anesthesia. In patients with grade I-II and in some
of the grade III patents, no method of sedation was used. During the procedure,
systemic administration of heparin (initial bolus of 5000 IU in the first 5 patients and
2500 IU in the remaining patients, followed by 1000 IU after an hour and according to
the measured activated clotting time thereafter). The endovascular procedures were
performed by two interventional neuroradiologists (1 and 3 years of experience in
neurointerventions in the beginning of the study). A 6 F guiding cathether was
advanced to ICA near the level of skull base or to the upper cervical portion of the
vertebral artery. A microcatheter (Tracker-10 or Tracker-18; Target Therapeutics,
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Fremont, California, USA) with two tip markers and a Dasher-14, usually followed by
a Dasher-10 guidewire (Target Therapeutics, Fremont, California, USA) were used
for hyperselective catheterization of the aneurysmal sac. By using a distal roadmap
control, care was taken not to touch the aneurysmal wall with the guidewire or the
catheter. A continuous, pressurized flush of heparinized saline solution was
maintained in both the guiding catheter and the microcathetheter. Once
catheterization had been achieved, the aneurysmal sac was filled with Guglielmi
detachable coils (GDCs; Target Therapeutics, Fremont, California, USA), which can
be electrically detached. Complete occlusion of the aneurysmal sac and neck was
always attempted. The largest coil, selected according the measured aneurysm
diameter, was positioned first to form a basketlike frame in the aneurysm. The
smaller coils were then sequentially delivered into the aneurysm until the lumen was
completely occluded and flow inside the aneurysm as well the secundary pouch was
arrested. If the size of selected coil proved to be unsuitable, the GDC system allowed
removal of the coil and repositioning of the mesh to an optimal position. Oral
administration of aspirin (250 mg daily) was continued for 3 months after
embolization. After endovascular treatment, the follow-up DS angiographs were
performed 3, 12 and 36 months after aSAH.
4.4. Surgical treatment
Surgical procedures were performed under balanced anesthesia with
hyperventilation by a team consisting of 7 senior neurosurgeons (10-30 years of
experience in neurosurgery) with a collective experience of approximately 2000
aneurysm operations. All patients received corticosteroids and mannitol. Pterional,
subtemporal, frontal interhemispherical or lateral suboccipital approaches were used
depending on the location of the aneurysm. A standard microsurgical method was
used for clipping the aneurysmal neck with Sugita (Mizuho Medical Co., Tokyo,
Japan) or Yasargil (Aesculap AG & Co. KG, Tuttlingen, Germany) aneurysm clip. If
feasible, the aneurysm was opened, coagulated or both. Follow-up angiography was
scheduled after surgical clipping during the primary hospitalization, and in case of
neck-remnant, 12 months after clipping.
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4.5. Patient care after treatment
After the randomization procedure and treatment, both endovascular and surgical
patients were treated in the intensive care unit and neurosurgical ward in a similar
manner. The hypervolemic therapy, which was ascertained with Swan-Ganz catheter
placement and measurements of the pulmonary capillary wedge pressure was used.
Regardless of the treatment modality, prolonged bed-rest (10 days), corticosteroids
and intravenous nimodipine were used in every patient. Symptoms of vasospasm
were recorded on daily basis.
4.6. Follow-up protocol: MR Imaging
4.6.1. Conventional MRI protocol
Patients underwent 1.5 Tesla MRI (Magnetom Vision; Siemens Medical Systems,
Erlangen, Germany) with a circular-polarized head coil. MRI protocol consisted of
axial T2 and intermediate-weighted (TR/TE 2625/98-16ms, matrix 260x512, slice
thickness 5mm) images, magnetic resonance time of flight angiography for the
embolized patients and a three-dimensional T1-weighted-sequence: magnetisation-
prepared rapid gradient echo (MPRAGE) sequence (TR/TE/TI 9.7/4/20ms, flip angle
12º, FOV 250mm, matrix 256x 256). All coils and surgical clips were non-
ferromagnetic and MRI-safe.
4.6.2. MRI Analysis
All MRI examinations were analyzed in a consensus by a neuroradiologist (R.V.),
a neurosurgeon (T.K.) and a resident (P.B.) with15, 13 and 2 years of experience in
interpretation of MRI images on the time. Blinded reading was not possible because
of characteristic clip and coil artefacts. The presence of any high-SI lesions on T2
and intermediate-weighted images (low-signal-intensity on 3D T1-weighted images)
was visually evaluated and lesion volumes were measured. The most probable
etiology of the high-SI lesion was determined and classified in consensus with
knowledge of all clinical, radiological and surgical details of the patient. CT-scans and
angiographic images were available during the MRI evaluation.
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The following factors were analyzed and quantified according to anatomical
locations (Tatu et al. 1996, Tatu et al. 1998). Ischemic lesions in 1. parental artery
territory (vascular territory of the ruptured aneurysm) and 2. other vascular territories,
based on knowledge of normal vascular anatomy and angiographic findings of the
individual patient; 3. Superficial siderosis and residual signs of hematoma; 4. Signs of
retraction injury due to surgical manipulation and instrumentation; 5. Ventricular size
and possible hydrocephalus; 6. Parenchymal lesions associated with intraventricular
catheter and permanent shunt placement and 7. Previous infarctions, degree of
possible previous atrophy, and presence of lacunar infarctions and leukoaraiosis.
The parental artery of the ruptured aneurysm was classified as: 1. anterior
cerebral artery (ACA), 2. middle cerebral artery (MCA), 3. internal carotid artery
(ICA), or 4. vertebrobasilar artery (VBA). If the ruptured aneurysm was located in the
AComA or the basilar tip, the bilateral vascular territories of frontopolar,
callosomarginal, and pericallosal arteries and posterior cerebral arteries were
considered as parental arteries. Ischemic lesions in vascular territories other than the
parental arteries were considered to represent general vasospastic etiology. Signs of
parenchymal or Sylvian hematoma were evaluated with help of primary CT-scans.
The convexity of the brain, basal cisterns and Sylvian region were evaluated for
possible signs of superficial siderosis. Approximate adjustment for ventricular size
was made visually on consensus reading. As a rough measure of ventricular size, the
modified cella media index (mCMI) was calculated as the maximum diameter of the
lateral ventricles/ intraparenchymal diameter at the same level. Degree of
leukoaraiosis was scored as: absent, punctuate/ early confluent or confluent
(Schmidt et al. 1999). Volumes of ischemic and retraction lesions were measured by
a single interpreter (P.B., based on the initial concensus reading) on a PACS
workstation (SECTRA EE, version 10.2.P4; Linköping, Sweden) by drawing a region
of interest according to the lesion margin on each T2 weighted image and by
multiplying the lesion areas by the sum of the slice (5 mm) and gap (1.5 mm)
thickness.
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4.6.3. Volumetric MRI
The sequence for the volumetric analyses was scheduled as an additional
sequence at the end of the imaging, if the patient was cooperative and there were no
movement artefacts in the basic images and the patient was willing to stay extra time
in the MR scanner.
The 3D T1 sequence needed for volumetry was obtained using the
magnetisation-prepared rapid gradient echo (MPRAGE) sequence (TR/TE/TI
9.7/4/20ms, flip angle 12º, FOV 250mm, matrix 256 x256). The coronal slices
(thickness 2.0 mm) included the whole cerebrum.
4.6.4. Semiautomatic volumetry (Study II)
Standard neuroanatomical landmarks (such as AC-PC line, hemispheres and
orbits) were used to reconstruct coronal slices (thickness 2 mm) perpendicular to the
long axis of the left hippocampus (HC). These sixteen-bit Siemens format images
were converted to the ANALYZE format (MAYO Foundation, Minnesota, USA). In
study II, the volumes of the amygdalae (AM) and HC were manually measured by a
single observer. To maintain blind assessment and confidentiality, data was
registered and coded by subject numbers only. The intraclass correlation coefficients
for intrarater reliability (bilateral measurements of 10 patients) were 0.94 for the AM
and 0.88 for the HC volumes. The point counting method (EasyMeasure, version 1.0,
MariArc, Liverpool, UK) was used to calculate the volumes of the hippocampus and
the amygdala. The point-counting method consisted of overlaying a systematic array
of the test points (one point per 9 pixels) completely over each slice. Instances in
which a point, in fact a cross, lies within the area of interest, are recorded by clicking
a computer mouse. Subsequently, the total number of the test points is multiplied by
the volume of the test point (17.17 mm3). Boundaries of the HC and AM were
identified with the use of the neuroanatomy atlas (Martin 1996) and previously
published research (Watson et al. 1992). The point counting of the structures
proceeded from anterior to posterior.
The amygdaloid volume consisted of the volumes of the central nucleus, the
corticomedial nucleus and the basolateral nucleus. Hippocampal volumetry included
the dentate gyrus, the cornus ammonis (hippocampus proper) and the subiculum.
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Defining of the hippocampus started from the first appearance below the amygdala
and continued till the most posterior slice on which the temporal horn and the body of
the ventricles were separated. The method of the volumetry is shown on Figure 3.
Figure 3. The method of volumetry. Coronal three-dimensional T1-weighted images
from anterior to posterior demonstrate the marked structures of left amygdala (A
through C, blue crosses) and left hippocampus (B through F, no crosses) in a healthy
23-year-old female control individual.
The coronal intracranial area was measured at the level of the anterior
commissure (the reference slice). This intracranial area has been noted to give a
reliable correlation to the whole brain volume (Laakso et al. 1998). To remove the
influence of the head size to the volumes of nuclei, the volumes were normalized by
dividing the volume of the nucleus with the slice volume of the intracranial area
(volume of the structure/intracranial area in reference slice)*100 (Pennanen et al.
2004). Normalized volumes were further defined as "ipsilateral" or "contralateral"
according to the side (right or left) the ruptured aneurysm was filling from. In midline
(basilar and AComA) aneurysms ipsilateral side was defined as the side where the
surgery or endovascular cathetrization was performed.
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4.6.5. Voxel-based morphometry (studies III - IV)
Optimized VBM analysis (Ashburner et al. 2000, Good et al. 2001) was
performed using the VBM2 (study III) toolbox (http://dbm.neuro.uni-jena/vbm/) under
SPM2 (Wellcome Department of Imaging Neuroscience, London, UK;
www.fil.ion.ac.uk/spm). The VBM procedure started with creating a customized
template and customized prior probability maps using the standard procedure of
VBM-toolbox: normalization to the MNI T1-weighted template provided by SPM,
resampling the voxel size to 2 x 2 x 2 mm, segmenting the images into gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF), smoothing both the
normalized images and the segments with 8 mm Gaussian kernel, averaging the
smoothed images and segments.
In order to define the normalization parameters for spatial normalization and
absolute volumes of different tissue types, the original images were segmented into
GM, WM and CSF using the customized prior probability maps. The absolute
volumes of GM, WM, and CSF were calculated from the segments, and they were
further summarized to obtain the total intracranial volume (ICV) and the GM/ICV and
CSF/ICV ratios were calculated from these values. The normalization parameters
were estimated using these GM segments and the customized GM template. The
original images were then normalized using the estimated normalization parameters,
and were resampled to 2 x 2 x 2 mm. The normalized images were further
segmented into GM, WM, and CSF using the customized prior probability maps.
Finally, the GM-segments were modulated and smoothed with a 12 mm Gaussian
kernel.
VBM Group analyses (Study III) were performed in SPM2 including age, sex and
intracranial area as nuisance covariates in order to compare the GM volumes
between the patients and controls. Between group differences were assessed using
a t-test with a height threshold of P<0.05, corrected for multiple comparisons by the
family-wise error (FWE) or by the false discovery rate (FDR-method) (Genovese et al.
2002) method. When surgical and endovascular patients were compared in VBM-
analysis, the group differences were assessed using a t-test with a height threshold
of P<0.05, corrected for multiple comparisons by the false discovery rate (FDR)
method, because no voxels survived the conservative FWE-method. Only those
clusters exceeding a size of 50 voxels were included in the analysis. To determine
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the anatomical locations of reduced GM, the MNI coordinates obtained from the peak
voxels were transferred into Talairach space using the mni2tal routine
(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). The anatomical locations of
the peak voxels in the significant clusters were found using the Talairach Daemon
Applet (Lancaster et al. 2000) and further verified from an anatomical brain atlas
(Duvernoy 1999).
In study III, the aim was to examine the differences in grey matter volumes
between the patients and controls with respect to the side of the treatment
(craniotomy or endovascular cathetherization) and the contralateral side. Therefore,
the MR images of the patients in whom the approach of the treatment was on the left
hemisphere (17 out of 37) were flipped around the anterior-posterior axis using
MRIcro (www.sph.sc.edu/comd/rorden/mricro.html) prior to any data analysis.
Furthermore, same proportion of controls (12 out of 30), matching with the patients'
age in decades, had their images similarly flipped.
In study IV, for quantitation of the ventricular size at the group-level, an averaged
normalized CSF segment image was calculated using the segmentation routine
provided by VBM5 toolbox in SPM5 for both patients and control individuals. Using
these averaged CSF-images, a ventricular ROI was manually traced (by P.B) for both
groups with MriCro (http://www.sph.sc.edu/comd/rorden/mricro.html) and the average
volumes of the ventricles were calculated for patient and control individual groups.
4.7. Follow-up protocol: Clinical Outcome, Neuropsychological evaluation
Clinical outcome and GOS one year after aSAH were assessed by a single
neurosurgeon (T.K.). Detailed neuropsychological examination was performed by a
single neuropsychologist (H.H.) one year after aSAH. Two experienced
neuropsychologists (M.Ä. and T.H.) further interpreted the neuropsychological test
results using the normative data.
The comprehensive evaluation included tests of general intelligence, memory
and selected language abilities and assessment of attention and flexibility of mental
processing as explained in the following: General intellectual ability: On the basis of
subtests of the Wechsler Adult Intelligence Scale-Revised (WAIS-R) (Wechsler 1981)
the scores for general verbal and nonverbal ability and total intelligence quotients
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were calculated. The Modified Boston Naming test (Lezak MD 2004) was used to
examine naming ability and the Finnish version of the Verbal Fluency Test on letters
(Borkowski et al. 1967) was used to evaluate word fluency. Learning and memory:
Memory was tested by the Wechsler Memory Scale (WMS) (Wechsler 1974). The
Memory Quotient was calculated to assess short-term memory performance.
Delayed recall of Logical Memory Subtest (Wechsler 1974) and the Visual
Reproduction Subtest (Wechsler 1974) was asked 45 minutes later. Nonverbal
memory was also assessed by the Rey Complex Figure Test (Lezak MD 2004).
Attention and flexibility of mental processing and psychomotor speed: The Stroop
Test (Golden 1978) (form A, B and C) and the Trail Making Test (Reitan 1958) (part
A and B) were used to evaluate sustained attention and resistance to interference.
The Finger Tapping test was used to assess simple psychomotor speed.
Neuropsychological examination was divided into four different cognitive domains
(general intellectual functioning, memory, language and executive functions).
Impairment in any of the four cognitive domains was defined on the basis of
normative data, where the scores fell below the normal range in either measure of
the domain. General intellectual functioning was estimated on the basis of five
subtests of the Wechsler Adult Intelligence Scale-Revised (WAIS-R) (Wechsler
1981). Language was evaluated with a shortened version of the Boston Naming Test
and Verbal Fluency test (Lezak MD 2004). Memory was assessed with the Logical
Memory and Visual Reproduction subtests (immediate and delayed recall) from
Wechsler Memory Scale (WMS) (Wechsler 1974). Percent retention scores
(calculated by dividing the delayed recall score by immediate recall score) were the
measures for verbal and visual memory. Executive functions were assessed with the
Trail Making Test and the Stroop Test (Golden 1978, Reitan 1958). In order to extract
the executive component in these tests, a difference score was calculated by
subtracting the time taken in Trail Making A from the time taken in Trail Making B. A
similar calculation was performed for recorded times for colour naming and the
interference part of the Stroop Test. The neuropsychological test results were then
further dichotomized.
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4.8. Study populations
4.8.1. Original study population and MRI study population (study I)
Altogether 168 patients were randomized according to the study protocol; 86
patients were allocated to surgical treatment and 82 were allocated to endovascular
treatment. MR imaging was scheduled to all allocated patients one year after aSAH.
Figure 4 shows the flowchart of the study population. The final MRI study population
consisted of 138 aSAH patients. The demographic data of the MRI study population
is shown on Table 1.
Figure 4. The flowchart of the original study population.
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Table 1. Baseline Characteristics of Patients with 12 Month MRI
According to Intention to Treat
Characteristic
Embolization
n = 67
p
Surgery
n = 71
Male/female 35/32 0.131 28/43
Age, mean±SD (yrs) 50 ± 13 0.485 51 ± 13
Hunt & Hess grade 0.774
I-II 45 (67.2%) 49 (69.0%)
III 15 (22.4%) 17 (23.9%)
IV-V 7 (10.4%) 5 (7.0%)
Fisher grade 0.187
0-2 28 (41.8%) 22 (31.0%)
3-4 39 (58.2%) 49 (69.0%)
Clinical Vasospasm 18 (26.9%) 0.058 30 (42.3%)
Ruptured aneurysm site 0.094
Anterior circulation 59 (88.1%) 68 (95.8%)
Posterior circulation 8 (11.9%) 3 (4.2%)
Size of the ruptured
aneurysm, mean ± SD
(mm)
6.3 ± 2.9 0.697 6.5 ± 2.9
p-value indicates statistical significance between patients intended to treat
endovascularily vs. surgically.
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4.8.2. Combination treatment of the ruptured aneurysm and treatment of
additional associated nonruptured aneurysms
Altogether 15 of the 138 (10.9%) patients who underwent follow-up MRI, have had
combination treatment (both endovascular and surgical) of the ruptured aneurysm.
The indications for combination treatment were failure in the primary treatment
procedure or revascularisation of the aneurysm in follow-up DS angiography.
Combination treatment was required more frequently in the endovascular group
(n=13, 19.4%) than in the surgical group (n=2, 2.8%, p=0.002). Thirty-five of the138
(25.4%) patients had 54 nonruptured aneurysms, which were treated using the same
criteria currently recommended (Bederson et al. 2000): embolization in 6, surgery in
23, combination treatment in 3 and angiographic follow-up in 22 cases. All analyses
where treatment groups (surgical. vs. endovascular) were compared with each other
were performed according to intention-to-treat and also repeated after excluding
patients with combination treatment or additional treatment for nonruptured
aneurysms.
4.8.3. Volumetric study populations (studies II, III and IV)
Altogether 77 patients from the randomized population (33 endovascular, 36
surgical and 8 combination treatment patients) underwent three-dimensional T1-
weighted examinations. In study II, 77 volumetric measurements were available. In
study IV 76 volumetric measurements were available; one volumetric study had to be
excluded, because the scanning area on T1-weighted volumetric sequence did not
cover the whole cerebrum. Study III consisted of 37 ACA volumetric patients (after
exclusion of 5 ACA patients whose associated unruptured aneurysms had been
treated before MRI). The demographic data of the volumetric study population is
shown on Table 2.
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Table 2. Patient and Control Individual Characteristics in Volumetric Study
Population
Controls
n = 30
Aneurysmal
SAH n = 77
Endovascular
patients
 n = 41
p Surgical
patients
n = 36
Age, years ± SD 54.1 ± 15.5 50.2 ± 14.8 50.1 ± 14.3 0.963 50.3 ± 15.5
Sex      female 18 (60%) 43 (55.8%) 20 (48.7%) 23 (63.9%)
male 12 (40%) 34 (44.2%) 21 (51.2%) 0.183 13 (36.1%)
Fischer Grade
0 - 2
3 - 4
28 (36.4%)
49 (63.6%)
16 (39.0%)
25 (61%)
0.604
12 (33.3%)
24 (66.7%)
Hunt & Hess Grade
I - II
III
IV - V
55 (71.4%)
17 (22.1%)
5 (6.5%)
28 (68.3%)
9 (22.0%)
4 (9.8%)
0.459
27 (75.0%)
8 (22.2%)
1 (2.8%)
Aneurysm location
ACA
MCA
ICA
VBA
42 (54.5%)
11 (14.3%)
16 (20.8%)
8 (10.4%)
23 (56.1%)
4 (9.8%)
8 (19.5%)
6 (14.6%)
0.409
19 (52.8%)
7 (19.4%)
8 (22.2%)
2 (5.6%)
Aneurysm size 6.12 ± 2.82 0.685 6.39 ± 2.93
Neck size 2.83 ± 0.99 0.487 2.67 ± 1.04
ACA indicates anterior cerebral artery, AComA, pericallosal artery. MCA; middle cerebral
artery. ICA; internal carotid artery, ophthalmic artery, PComA, anterior choroidal artery. VBA
indicates vertebrobasilar arteries. p indicates the difference between endovascular vs. surgical
aSAH patients according to intention to treat.
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4.8.4. Neuropsychological study population (studies I-IV)
The neuropsychological examination was available from 116 out of 138 (84.1%)
patients, who underwent the one year MRI. In the volumetric study populations, 76
out of 77 (98.7%, study II), all 37 ACA patients (study III) and 75 out of 76 (98.7%,
study IV) underwent the neuropsychological examination.
4.8.5. Control individuals (Studies II, III and IV)
30 healthy control individuals matching their age and gender to the volumetric
study population (studies II - IV) were also imaged for volumetric purposes with the
same MRI equipment than the aSAH patients. The demographic data of the control
individuals is also shown on Table 2.
4.9. Statistics
All analyses were performed with the statistical package for Windows (SPSS, Inc.,
Chicago, IL, USA, versions 11.5- 16). The intention-to-treat analysis was used in all
comparisons of endovascular and surgical patients. In addition to intention-to-treat
analyses, the censored analyses were also performed after excluding patients having
combination treatment for ruptured aneurysm or treatment for additional, nonruptured
aneurysms.
In general, all continuous variables were tested for normal distribution with the
Kolmogorov-Smirnov 1-sample test (level of statistical significance difference at
p<0.1). The Chi-Square test was used for categorical data and dichotomized
variables. The Student t-test was used to compare normally distributed data and
Mann-Whitney-U test was used to compare nonparametric, continuous-scale data for
non-normally distributed variables. Spearman and Pearson correlation coefficients
were used to assess correlation between nonparametric continuous-scale variables.
Differences were considered to be statistically significant, if the two-tailed p value
was <0.05. The multiple comparisons were corrected with Bonferroni adjustment
(Norman G 1994) and the significant p-value in these analyses using the same
parameter twice was 0.05/2 =0.025. The group differences in volumetric analyses are
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based on t-test statistics with a height threshold of P<0.05 and explained in more
detail in paragraph 4.6.3.
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5. RESULTS
5.1. Comparability of the study groups
According to the intention to treat analysis, in the MRI-study population with 138
patients, the endovascular and surgical treatment groups did not show any
statistically significant differences in their age or sex distribution, nor in their Hunt &
Hess Grades, Fisher grades, size or location of the ruptured aneurysm or
preoperative hydrocephalus (study I). The endovascular and surgical treatment
groups remained also balanced in a censored analysis after excluding the patients
who had undergone combination treatment or treatment for additional nonruptured
aneurysms. Moreover, the different treatment groups did not show statistically
significant differences in abovementioned parameters (studies II, III and IV) in
volumetric studies. The control individual group was used in volumetric comparisons
(studies II-IV) and the control individuals were statistically balanced in terms of age
and gender. In study III, all aSAH patients (n=37: 20 endovascular, 17 surgical) and
controls (n=30) were balanced for age and sex in comparison between aSAH
patients and controls. The final group analyses in study III were performed after
excluding patients with crossover treatment (5 endovascular patients)  and after this
exclusion there was a male dominance in the endovascular subgroup (12 of 15, 80%)
vs. controls (13 of 30, 43.3%; p=0.020). The surgical group and controls remained
gender balanced.
The volumetric study population mostly consisted of patients with good recovery;
66 patients had good outcome and ten patients (7 surgical, 3 endovascular) had
moderate disability. Moreover, the clinical outcome was better in the volumetric
subgroup compared to the original study population.
The mean interval between aSAH and MRI was 15.8 ± 8.5 months (range 9-64
months). The diagnostic quality of the MRI examinations was excellent in 134
(97.1%) and suboptimal, but diagnostic in 4 (2.9%) examinations.
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5.2. Brain parenchymal lesions detected on late MR imaging and comparison of
surgical vs. endovascular treatment modalities (Study I)
One year after aSAH only 44 (31.9%) patients (29, 43.3% endovascular, 15,
21.2% surgical) had normal MRI of the brain or the finding was analogous to the
admission CT-scan. Parenchymal high SI-intensity lesions on T2 and intermediate
weighted images of different etiology were seen in 38 (56.7%) endovascular and in
56 (78.9%) surgical patients (p=0.005). In patients with higher H & H and Fisher
grades, parenchymal lesions were seen significantly more often than in patients with
lower grades. MRI-detectable parenchymal lesions of different etiologies are
demonstrated on Tables 3 and 4.
Table 3. Number of Parenchymal MRI lesions One Year After aSAH in
Patients Intended to Treat Endovascularily vs. Surgically
Embolization
n = 67
P Surgery
n = 71
Parenchymal lesions
altogether 38 (56.7%) 0.005 56 (78.9%)
H & H
I- III 31/60 (52.7%) 0.003 51/66 (77.3%)
IV- V 7/7 (100%) - 5/5 (100%)
Fisher
0 - 2 12/28 (42.9%) 0.144 14/22 (63.6%)
3 - 4 26/39 (66.7%) 0.034 42/49 (85.7%)
Anatomical locations:
Frontal lobe 34 (50.7%) 0.018 50 (70.4%)
Temporal lobe 15 (22.4%) 0.002 34 (47.9%)
Parietal lobe 8 (11.9%) 0.212 14 (19.7%)
Occipital lobe 2 (3.0%) 0.953 2 (2.8%)
Thalamus and basal
ganglia 7 (10.4%) 0.057 16 (22.5%)
Brain stem and
cerebellum 4 (6.0%) 0.037 0 (0%)
P value indicates statistical significance between patients intended to treat endovascularily vs.
surgically.
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Table 4. Brain MRI Findings According to the Etiology of the Lesion 1 year After
aSAH in Patients Intended to Treat Endovascularily vs. Surgically
Embolization, n=67 P Surgery, n=71
MRI findings n (%) n (%)
Any Ischemic deficits 19 (28.4%) 0.005 37 (52.1%)
Parental artery territory 15 (22.4%) 0.003 33 (46.5%)
Cortical involvement 13 (19.4%) 29 (40.8%)
Perforator artery territory 6 (9.0%) 15 (21.1%)
More than one lesion 4 (6.0%) 0.178 9 (12.7%)
Other vascular territory 7 (10.4%) 0.379 11 (15.5%)
Cortical involvement 8 (11.9%) 16 (22.5%)
Perforator artery territory 4 (6.0%) 3 (4.2%)
More than one lesion 3 (4.5%) 0.757 4 (5.6%)
Superficial brain retraction deficits 10 (14.9%) <0.001 40 (56.3%)
Deficit caused by preoperative ICH 15 (22.4%) 0.683 18 (25.4%)
Superficial siderosis 28 (41.8%) 0.778 28 (39.4%)
Note.  P value indicates statistical significance between patients intended to treat endovascularily vs. surgically.
Perforator artery territory includes the branches of  the thalamoperforating arteries, thalamogeniculate arteries (from
posterior communicating arteries, basilar artery and posterior cerebral arteries), medial lenticulostriatae arteries and
recurrent artery of Heubner (from anterior cerebral arteries and anterior communicating arteries) and lateral
lenticulostriatae arteries (from middle cerebral artery).
5.2.1. Ischemic lesions in the parental artery territory
High-signal-intensity lesions on T2 and intermediate-weighted images indicating
infarction in the vascular territory of the ruptured aneurysm were seen in 15/67
(22.4%) endovascular and in 33/71 (46.5%) surgical patients (p=0.003). Four
endovascular and 7 surgical patients had two separate infarctions and 2 surgical
patients had three separate infarctions in the parental artery territory. In patients who
had infarctions, the mean volume of the infarcted tissue was 17.6cm3 (range 0.14-
121.5cm3) in the endovascular group, and 20.9cm3 (range 0.09-261.5cm3) in the
surgical group (p=0.209). In all patients included, the mean volume of the infarcted
tissue in the parental artery territory was 3.9cm3 (range 0.0-121.5 cm3) after
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endovascular treatment and 9.7cm3 (range 0.0-261.5cm3) after surgical treatment
(p=0.002).
5.2.2. Ischemic lesions in other vascular territories
Eighteen out of 67 (26.9%) endovascular and 30/71 (42.3%) surgical patients had
symptoms of clinical vasospasm (p=0.058). Brain infarctions in vascular territories
other than that of the ruptured aneurysm were seen in 7/67 (10.4%) endovascular
and in 11/71 (15.5%) surgical patients (p=0.379). In patients who had remote
infarctions, the mean volume of the infarcted tissue was 27.6cm3 (range 0.17-
58.5cm3) in endovascular and 43.3cm3 (range 1.29-247.5cm3) in surgical patients
(p=0.821). One endovascular patient had two and 2 patients had three infarctions in
remote territories. In the surgical group, one patient had two, 2 patients had three,
and one patient had four separate infarctions in remote territories. In all patients, the
mean volume of the ischemic lesions in remote vascular territories was 2.9cm3 (range
0.0-58.5cm3) after endovascular treatment and 6.7cm3 (range 0.0-247.5cm3) after
surgical treatment (p=0.373).
5.2.3. Residual signs of hematoma and superficial siderosis
High-signal-intensity lesions on T2 and intermediate-weighted images due to
previous intracerebral or sylvian hematoma were detected in 15 (22.4%)
endovascular and 18 (25.4%) surgical patients (p=0.683). Signs of superficial
hemosiderosis were present in 28 (41.8%) endovascular and 28 (39.4%) surgical
patients (p=0.778).
5.2.4. Retraction injury due to surgical manipulation and instrumentation
Lesions in the brain parenchyma due to mechanical surgical trauma were clearly
more common after surgical (n=40, 56.3%) than endovascular (n=10, 14.9%)
treatment (p<0.001). Retraction injuries were also detected after endovascular
treatment because 13 endovascular patients needed additional surgery or
nonruptured aneurysms were surgically ligated before MRI. The mean volumes of the
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retraction deficits were 4.3cm3 (range 1.2-10.2cm3) after endovascular treatment and
8.4cm3 (range 1.4-32.0cm3) after surgical treatment (p=0.055).
5.2.5. Lesions caused by shunt device
Compared to endovascular patients (n=4, 6.0%), surgical patients (n=12,
16.9%) more often had a permanent shunt device (p=0.045). Parenchymal lesions
induced by a ventricular catheter (temporary drainage or permanent shunt device)
were seen in 19 (28.4%) endovascular and 24 (33.8%) surgical patients (p=0.490).
5.2.6. Previous infarctions, brain atrophy, lacunar infarctions and leukoaraiosis
One endovascular patient had an old cortical infarction on admission CT-scan.
Previous atrophy was present in one endovascular and two surgical cases (p=0.594).
On MRI, at least one lacunar infarction was detected in 12 (17.9%) endovascular and
21 (29.6%) surgical patients (p=0.108). Leukoaraiosis was absent in 42 (62.7%)
endovascular and 40 (56.3%) surgical patients; punctuate or early confluent in 24
(35.8%) endovascular and 25 (35.2%) surgical patients; and confluent in 1 (1.5%)
endovascular and 6 (8.5%) surgical patients (p=0.171).
5.2.7. Demonstrative Images of the typical findings detected on MRI one year
after aSAH
Figure 5. Axial T2-weighted (A, B) and sagittal T1-weighted (C) MR images show small
retraction deficit in apex of the right temporal lobe (short arrow) and cortical infarction (long
arrow) in the parental artery of the ruptured aneurysm after surgery of right MCA aneurysm.
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Figure 6. Axial CT scan shows SAH after ruptured right AComA aneurysm with left
frontobasal hematoma (A). Axial T2-weighted MR images (B, C) show high-SI lesion owing
to previous frontobasal hematoma (long arrow) with low-SI hemosiderin rim (arrowhead). A
local signal loss (short arrow) is detected after endovascular coil treatment in the location of
AComA.
Figure 7. DSA images show successful embolization result of right AComA aneurysm
treatment and severe symptomatic vasospasm occurring one week after aSAH and
treatment. T2-weighted MR images show severe outcome of vasospasm after endovascular
treatment with widespread lesions one year after aSAH with poor clinical outcome.
Figure 8. Left AComA aneurysm has been treated with surgery. Zoomed axial T2-images
show retraction deficits on the frontal and temporal lobe surfaces and frontobasal area. A
small perforant infarction in the caudate nucleus can also be detected.
73
Figure 9. The right ICA aneurysm has been ruptured with blood maxima in the right sylvian
fissure. A small lesion owing to previous hematoma can be detected on PD and T2-weighted
images. Superficial siderosis and cortical band-like hyperintensity are present in the sylvian
fissure. A small perforant infarction can be detected in the parental artery territory of the right
ICA.
5.3. Temporomesial structures: Hippocampus and Amygdala (study II)
The volumes of the amygdalae of three out of 77 patients had to be excluded
from analysis because of the clip artefact after the surgery. No disturbing artefacts
due to clips or coils were detected in the regions of hippocampi. When comparisons
between treatment groups were performed, crossover patients (n=8) and those
patients whose non-ruptured aneurysms had been treated before the one year MRI
(n=9) were excluded from the analysis. After exclusion, thirty endovascular and thirty-
one surgical patients were included in the final analysis comparing the actual
treatment modalities.
5.3.1. Temporomesial volumes; aSAH patients vs. control individuals
When comparing the normalized volumes of the hippocampi and amygdalae,
differences between aSAH patients and controls were seen in the measured volumes
of right (23.2 ± 3.9 vs. 24.7 ± 3.7, p=0.072) and left HC (21.3 ± 3.5 vs. 23.7 ± 3.6,
p=0.002) and right (18.4 ± 4.9 vs. 21.0 ± 3.9, p=0.012) and left AM (18.8 ± 4.1 vs.
20.5 ± 3.7, p=0.045) after aSAH, the last three volumes being significantly smaller in
the aSAH patients.
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5.3.2. Temporomesial volumes in endovascular and surgical subgroups vs.
controls
Comparisons of the temporomesial volumes between the endovascularly treated
patients and normal controls did not reach significant differences: Right AM (20.7 ±
4.38 vs. 20.96 ± 3.91, p=0.790); left AM (19.66 ± 2.90 vs. 20.52 ± 3.67, p=0.319);
Right HC (23.56 ± 4.43 vs. 24.71 ± 3.71, p=0.281); Left HC (21.79 ± 3.76 vs. 23.67 ±
3.64, p=0.055). However, the corresponding comparisons between the surgically
treated patients and controls revealed the following differences: Right AM (16.31 ±
4.82 vs. 20.96 ±3.91, p< 0.001); left AM (18.97 ± 3.69 vs. 20.52 ± 3.67, p= 0.111);
Right HC (22.50 ± 3.73 vs. 24.71 ± 3.71, p=0.024); Left HC (20.81 ± 3.70 vs. 23.67 ±
3.64, p=0.004).
5.3.3. Temporomesial volumes and the side of the treatment
Among all the aSAH patients, smaller ipsilateral (17.8 ± 5.0) than contralateral
amygdaloid volumes (19.4 ± 3.9, p=0.008) were observed. In the surgical subgroup
(n=31) the difference between the mean volumes of the ipsilateral and contralateral
amygdalae was evident (15.7 ± 5.1 vs. 19.4 ± 2.9, p=0.001), while in the
endovascular subgroup (n=30), no such difference in the normalized volumes of the
ipsilateral (20.3 ± 4.1) and contralateral (20.0 ± 3.1) amygdalae was found (p=0.650).
There was no difference in the ipsi- and contralateral volumes of hippocampi.
Ipsilateral amygdaloid volumes were (after Bonferroni correction) smaller after
surgical (15.7 ± 5.1) than after endovascular (20.3 ± 4.3) treatment of aSAH
(p<0.001). There were no differences in volumes of contralateral amygdalas or
neither hippocampi between the different treatment groups.
5.4. VBM analysis of patients after treatment of ruptured anterior cerebral
artery aneurysm (Study III)
5.4.1. Clinical outcome and conventional MRI findings
Forty-two aSAH patients from the volumetric study population presented with a
ruptured ACA aneurysm. Patients whose associated nonruptured aneurysms had
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been treated before MRI were excluded.  The VBM study population thus consisted
of 37 patients (17 surgical, 20 endovascular treatment) with ruptured ACA aneurysm,
all of them having a good or moderate clinical outcome (GOS V or IV). A VBM
analysis was applied to compare the patients and controls. All volumetric ACA
patients also underwent a detailed neuropsychological assessment. The final group
analyses for comparison the endovascular and surgical patients were performed after
excluding patients with crossover treatment (5 endovascular patients).
5.4.2. VBM results: All ACA patients vs. controls
In comparison of all ACA patients to controls, the five endovascular patients
receiving additional surgical treatment were included in the analysis to demonstrate
the gray-matter atrophy detected after aSAH due to ruptured ACA aneurysm,
regardless of the treatment modality itself.
The GM/ICV ratios proved to be reduced in aSAH patients (0.359 ± 0.027)
compared to controls (0.378 ± 0.027, p=0.008) and the CSF/ICV ratios were
increased in aSAH patients (0.410 ± 0.036) compared to controls (0.384 ± 0.033,
p=0.003), reflecting general brain atrophy. In VBM analysis, when aSAH patients
were compared to age-matched controls, a widespread bilateral atrophy was shown
in the orbitofrontal cortex and inferior frontal gyrus, the gyrus rectus and thalamic and
hypothalamic areas. Smaller clusters of atrophy were also detected in the ipsilateral
temporal lobe pole, the ipsilateral superior frontal gyrus, the ipsilateral middle frontal
gyrus (2 small areas) and the dorsal pons. Results are shown on Table 5 and Figure
10.
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Table 5. Areas of reduced gray matter in ACA aneurysm patients one year after SAH
compared to controls
Brain region C / I MNI coordinates (x,y,z) k T value
1. All aSAH patients (n=37)
Orbitofrontal cortex C / I -34, 55, -18 / 36, 51, -19 50937 9.92 / 8.46
Inferior frontal gyrus C / I -34, 44, -18 / 34, 44, -18 * 6.57 / 5.50
Gyrus rectus C / I -8, 32, -24 / 6, 26, -24 * 6.44 / 6.78
Thalamus C / I -5, -7, 1 / 7, -7, -2 * 6.15 / 5.73
Hypothalamus C / I -3, -1, -8 / 4, -4, -8 * 5.23 / 5.42
Caudate nucleus, head I 12, 17, 1 * 5.53
Brainstem, dorsal pons C / I -2, -37, -35 / 2, -37, -39 1546 6.73 / 5.21
Temporal lobe pole,
superior temporal gyrus
I 35, 18, -45 328 6.60
Superior frontal gyrus I 21, 64, 28 272 5.99
Middle frontal gyrus I 52, 45, -5 112 5.52
Middle fontal gyrus I 40, 62, 8 84 5.30
2. Surgical aSAH (n=17)
Orbitofrontal cortex C -34, 51, -16 40800 7.58
Gyrus rectus C / I -8, 32,-24 / 6, 26, -24 * 6.30 / 6.57
Caudate nucleus I 12, 15, 1 * 13.30
Thalamus C / I -6, 17, -8 / 6, 17, -7 * 6.25 / 10.68
Hypothalamus C / I -3, 5, -11 / 8, 5, -11 * 7.36 / 12.26
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Hippocampus I 33, -12, -16 11437 8.52
Parahippocampal gyrus I 21, -35, -6 * 8.12
Superior temporal gyrus,
temporal lobe pole
C -30, 18, -46 496 8.01
Middle frontal gyrus I 50, 49, -4 1639 7.79
Orbitofrontal cortex I 39, 53, -17 * 7.53
Superior temporal gyrus,
temporal lobe pole
I 28, 17, -45 648 7.78
Brainstem, dorsal pons C -2, -37, -35 235 6.03
Posterior orbital gyrus I 36, 29, -21 239 5.97
Inferior frontal gyrus C -50, 48, 5 106 5.83
Anterior insula I 38, 13, -5 197 5.72
Superior frontal gyrus I 21, 63, 29 74 5.71
3. Embolized aSAH (n=15)
Orbitofrontal cortex C -34, 54, 19 793 7.60
Orbitofrontal cortex I 32, 51, -22 1049 8.43
Thalamus C -5, -7, 1 1616 6.27
C= contralateral, I=ipsilateral to ruptured aneurysm treatment side, MNI coordinates x,y,z of
anatomical structures in each cluster refer to Montreal Neurological Institute (MNI) space. k=
cluster extent in voxels.  * =cluster extent in voxels is included in the number reported above. T-
value = statistical significance of GM volume loss of the corresponding MNI coordinate, assessed
using a t-test (T-value) with a height threshold of P < 0.05, corrected for multiple comparisons by
the family-wise error (FWE) method. In larger clusters, several coordinates of local maximas and
their corresponding T-values are reported.
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Figure 10. Areas of atrophy in aSAH patients (n=37) after treatment (20 endovascular, 17
surgical) of ruptured ACA aneurysm compared to controls. VBM analysis, p< 0.05, corrected
with the family-wise error (FWE) method. The ipsilateral (I) treatment side is oriented to the
right; contralateral (C) side is to left. T-values (from t test statistics) are represented by the
colour bar. The results are demonstrated on an averaged and smoothed image.
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5.4.3. VBM results: Surgical ACA patients vs. controls
Areas of brain atrophy were quite similar both between all aSAH patients and
surgically treated subgroup of aSAH patients. After surgical treatment, additional
atrophy was detected in the ipsilateral hippocampus, parahippocampal gyrus,
anterior insula and caudate nucleus: a finding not detected in the analysis made with
all aSAH patients and controls (Table 5, Figure 11A). An averaged image of the
normalized T1-weighted MRIs of the surgical group was calculated to illustrate the
average clip artefact in the area of AComA (Figure 12), an area clearly more
restricted than the bilateral orbitofrontal and hippocampal regions of observed
atrophy.
Figure 12. The size and location of an average clip artefact is demonstrated in three planes
in an averaged, T1-weighted MR image calculated from the surgical patient population
(n=17) after treatment of ruptured ACA aneurysm.
5.4.4. VBM results: Endovascular ACA patients vs. controls
When comparing the endovascularly treated aSAH patients with controls, the
analysis revealed atrophy in both ipsilateral and contralateral areas of the
orbitofrontal cortex. A small atrophic cluster was also detected in the contralateral
thalamus. The results are shown on Table 5 and Figure 11B.
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Figure 11. A: Areas of atrophy (red) after surgical treatment of aSAH patients with ruptured
ACA aneurysm (n=17) compared to controls. B: Areas of atrophy (red) after endovascular
treatment of aSAH patients with ruptured ACA aneurysm (n=15) compared to controls. The
ipsilateral (I) treatment side is oriented to the right; contralateral (C) is to the left. The VBM
analyses are performed using t test statistics, p<0.05, corrected with the FWE method. The
results are shown on an averaged and smoothed image.
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5.4.5. VBM results: Endovascular ACA patients vs. surgical ACA patients
When comparing the endovascularly treated patients to the surgically treated
patients, the GM/ICV ratios did not significantly differ between treatment groups,
p=0.193, nor did the CSF/ICV ratios significantly differ between treatment groups,
p=0.249. When compared to endovascularly treated patients, VBM analysis revealed
statistically significant atrophic gray matter areas in surgically treated patients only in
the hemisphere ipsilateral to surgical approach. Areas of atrophy were detected in
the ipsilateral hippocampus and amygdala, in ipsilateral thalamic and hypothalamic
regions, and in small areas in ipsilateral insula, temporal lobe pole, middle temporal
gyrus and frontal subcentral gyrus.
5.5. Ventriculomegaly and enlargement of CSF volumes after aSAH (Study IV)
5.5.1. Patients and controls, preoperative hydrocephalus and permanent shunt-
device
The study IV was performed to compare the CSF volumes between 76
volumetric aSAH patients and 30 age and gender matched control individuals.
Preoperative hydrocephalus was detected in 16 (40.0%) out of 40 endovascular and
11 (30.6%) out of 36 surgical patients, p=0.390. A permanent shunt device was
present in four (1 endovascular, 3 surgical, p=0.255) patients. The mean interval
between aSAH and shunt operation was 4.75 ± 2.87 weeks (range 1-8 weeks).
5.5.2. Degree of ventriculomegaly and enlarged CSF-spaces
The mCMI measurements were available in all patients from original MRI
population (n=138) and CSF/ICVs from all volumetric patients (n=76). The mCMI
proved to be higher in patients with aSAH when compared to the age and sex
matched control individuals. The more detailed analyses of the CSF volumes in 76
patients were in line with the rough planimetric measurements: the mean volume of
the ventricular system (obtained from manually drawn ROI-analysis) was 64.14 cm3
in the aSAH patients, being 31.4 % larger compared to the volume in control
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individuals (44.00 cm3). The ICV values were comparable between the aSAH
patients and controls. The CSF/ICV ratios were 35.58 ± 7.00 in aSAH patients
compared to 30.36 ± 6.25 in controls, p=0.001. The mCMI correlated with CSF/ICV
ratios (r= 0.495, p< 0.001). Moreover, the GM/ICV- ratios and WM/ICV-ratios were
lower in aSAH-patients compared to the control individuals. Figure 13 illustrates on a
group level that both the ventricles and the cortical sulci are enlarged in the aSAH
patients compared to control population.
Figure 13. Three-dimensional render images of the averaged ventricular system and the
superficial sulcal CSF-segments are illustrated in MNI space. Image axes represent the MNI
coordinates. A: The mean ventricular system of aSAH patients (n=76) shown on the left side
and control individuals (n=30) shown on the right side, cranial and lateral views. B: The mean
superficial CSF-segments of aSAH patients (n=76) shown on the left side and control
individuals (n=30) shown on the right side, cranial and lateral views.
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5.5.3. Associations between ventricular and sulcal enlargement and clinical
and other radiological features
      The mCMIs (n=138 aSAH patients) were comparable between the treatment
groups: 0.23 ± 0.1 after endovascular and 0.23 ± 0.1 after surgical treatment. The
treatment method did not significantly affect the measured CSF/ICV ratios (n=76);
CSF/ICV was 34.49 ± 7.7 after endovascular treatment and 36.78 ± 6.0 after surgical
treatment (p= 0.289).
      At the time of MRI clinical or radiological evidence of raised intracranial pressure
could not be detected among any of the patients studied. There were no differences
in mCMI or CSF/ICV ratios when the patients with or without the permanent shunt
device were compared.
Patients with originally higher Hunt & Hess and Fisher grades showed more
pronounced mCMIs than did patients with lower Hunt & Hess and Fisher grades.
Higher Fisher grade was also associated with higher CSF/ICV ratios and patients
with preoperative hydrocephalus tended to have higher CSF/ICV ratios. Associations
between enlarged CSF spaces and contributing factors (such as preoperative
hydrocephalus, Hunt & Hess and Fisher grades) are demonstrated on Table 6.
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Table 6. Associations of Clinical and Radiological findings with enlargement of
ventricles and other CSF volumes after aSAH
Descriptive Mean mCMI p Mean CSF/ICV p
Preoperative hydrocephalus < 0.001 0.051
no (n=27) 0.21 ± 0.06 34.44 ± 7.57
yes (n=49) 0.28 ± 0.06 37.64 ± 5.35
Hunt & Hess grade < 0.001 0.293
I-II (n=55) 0.21 ± 0.06 34.98 ± 7.54
III-V (n=21) 0.29 ± 0.05 37.15 ± 5.18
Fisher grade 0.001 0.014
0-2 (n=27) 0.20 ± 0.06 32.75 ± 7.75
3-4 (n=49) 0.25 ± 0.06 37.13 ± 6.10
Note. For calculation mCMI- indexes and the t-test was used. mCMI refers to maximal
ventricular width/ maximal intracranial width ratio measured from the same axial T2-
weighted slice. CSF refers to CSF volume determined by SPM5. ICV= Total intracranial
volume (contains gray matter, white matter and CSF segments) measured by SPM5. For
CSF/ICV indexes the Mann-Whitney-U-test was used.  For calculations of mCMI, n=138,
and for calculations of CSF/ICVs, n=76.
5.6. Correlations of MRI-detectable findings and neuropsychological outcome
(Studies I-IV)
5.6.1. Neuropsychological analysis of the MRI study population (Study I)
The neuropsychological examination one year after aSAH was available in
116/138 (84.1%) patients with MRI. 17/127 (13.4%) patients with good or moderate
clinical outcome refused the neuropsychological examination and in 5/11(45.5%)
patients, who had severe neurological deficits or who were in vegetative state the
neuropsychological examination was not possible to perform. Clinical and
neuropsychological outcome between patients intended to treat endovascularly vs.
surgically (n=116) are shown in Table 7 (containing previously unpublished data).
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Table 7. Clinical Outcome and Neuropsychological and associated MRI findings
expressed as counts or means ± SD or in 116 patients completing the
neuropsychological tests one year after aSAH.
Endovascular
patients n = 55
p Surgical patients
 n = 61
Clinical Outcome 0.057
GOS V 49 (89.1%) 44 (72.1%)
GOS IV 4 (7.5%) 14 (23.0%)
GOS III 2 (3.8%) 3 (4.9%)
Neuropsychological findings
Any neuropsyc. deficit
detected
29 (52.7%) 0.019 45 (73.8%)
Deficit in general
intellectual functioning
4 (7.5%) 0.099 11 (18.0%)
Memory deficit 22 (40.0%) 0.062 35 (57.4%)
Verbal deficit 19 (35.8%) 0.574 25 (41.0%)
Deficit in executive
functions
12 (21.8%) 0.133 21 (34.4%)
MRI findings
Frontal lobe lesion 26 (49.1%) 0.032 42 (68.9%)
Temporal lobe lesion 12 (22.6%) 0.015 27 (44.3%)
Parenchymal deficit 30 (56.6%) 0.020 47 (77.0%)
Total Parencymal lesion
volume (cm3)
6.61 ± 24.08 <0.001 13.83 ± 19.29
Ischemic Brain volume
(cm3)
5.99 ± 23.90 0.005 8.69 ± 16.91
Note. The differences between patient groups has been analyzed with X2- test
(categorical data and dichotomous variables) Mann-Whitney-U-test (different lesion
volumes). p refers to the comparison in patients after endovascular vs. surgical
treatment.
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5.6.2. Neuropsychological results and temporomesial volume correlation
(Study II)
Among the aSAH patients, age of the patient correlated with all
neuropsychological parameters. The hippocampal volumes correlated with a visual
memory test (Visual reproduction subtest (Wechsler 1974) ) and several tests of
attention, flexibility of mental processing, intellectual ability and psychomotor speed.
A test of verbal episodic memory (Wechsler 1974) and another visual memory test
(Rey) (Lezak 1995) did not correlate with hippocampal volumes. The volumes of the
amygdalae did not significantly correlate with neuropsychological test results.
Since the neurocognitive deficits noted among the volumetric aSAH patients
were quite similar to those expected in patients with frontal lobe lesions, the
correlations between the neuropsychological test results and hippocampal volumes
were analyzed separately in patients with and without a frontal lobe lesion.
Furthermore, significant correlations were found between the impaired
neuropsychological test results and reduced hippocampal volumes in both subgroups
of the patients with aSAH.
5.6.3. Neuropsychological test results in volumetric ACA population and their
correlation to GM/ICV and CSF/ICV ratios (Study III)
Analysis of neuropsychological data revealed cognitive deficit in at least in one of
the four cognitive domains in 20 (54.1%) patients (10 endovascular, 10 surgical,
p=0.591). Impairment in executive functions was detected more often after surgical
treatment (n=8, 72.7%) than after endovascular treatment (n=3, 27.3%, p=0.033) of a
ruptured ACA aneurysm. Ten out of the 11 patients with executive deficits also had a
frontal lobe lesion that was detectable by MRI. Memory deficits were detected in
45.0% of the endovascular and 47.0% of the surgical patients. Verbal disturbances
were found in 25% of the endovascular and 29.4% of the surgical patients. No
differences among treatment groups were observed in cognitive domains other than
the executive functions (intelligence, memory, and verbal skills). The VBM-based
covariate analyses did not reveal any statistically significant specific areas of atrophy,
when the dichotomized neuropsychological deficits in general, or a dichotomized
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executive deficits, or a dichotomized GOS, were used as a covariate. The analyses
in endovascular and surgical subgroups also failed to reveal any statistically
significant specific areas of GM atrophy that could be straightly related to these
cognitive deficits.
In patients with at least one neuropsychological deficit, the GM/ICV-ratios (0.354 ±
0.025) were slightly lower and the CSF/ICV ratios (0.420 ± 0.036) were slightly higher
when compared to patients with no neuropsychological deficits (GM/ ICV= 0.367 ±
0.029, ns, and CSF/ICV= 0.404 ± 0.035, ns). The patients with a deficit in executive
functions (n=11) showed lower GM/ICV-ratios (0.342 ± 0.015) and higher CSF/ ICV
ratios (0.433 ± 0.032) compared to patients without an executive defict (GM/ICV=
0.366 ± 0.028, p=0.014 and CSF/ICV= 0.403 ± 0.033, p=0.013).
5.6.4. Clinical outcome, neuropsychological results and CSF volume
correlation (Study IV)
GOS II -IV patients had larger ventricles and CSF-spaces (mCMI = 0.29 ± 0.08,
CSF/ICV= 38.19 ± 5.81) compared to GOS V patients (mCMI = 0.23 ± 0.06, p<0.001
and CSF/ICV= 35.19 ± 7.12, p=0.237).
In the group of patients with at least one neuropsychological deficit detected, the
mCMIs (0.249 ± 0.07) and CSF/ICV ratios (37.45 ± 6.13) were higher compared to
those patients without any neuropsychological deficit (mCMI=0.211 ± 0.05, p=0.003
and CSF/ICV= 32.16 ± 7.21, p=0.001). In line with the higher CSF/ICV ratios, the
aSAH patients with neuropsychological deficits showed lower GM/ICV ratios than the
aSAH-patients without neuropsychological deficits. In separate analyses of each
cognitive domain, higher mCMIs and CSF/ICV ratios were detected in the patients
with a deficit (Table 8).
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Table 8. Associations between neuropsychological deficits and enlarged ventricles
and other CSF volumes
Descriptive mCMI (n=116) p CSF/ICV (n=75) p
Clinical Outcome < 0.001 0.214
GOS V 0.23 ± 0.06 35.18 ± 7.12
GOS II - IV 0.29 ± 0.08 38.16 ± 5.81
Any neuropsychological
deficit 0.001 0.001
no 0.21 ± 0.05 32.16 ± 7.21
yes 0.25 ± 0.01 37.45 ± 6.13
Verbal deficit 0.003 0.002
no 0.22 ± 0.06 33.78 ± 6.38
yes 0.26 ± 0.06 38.60 ± 6.38
Memory deficit 0.040 0.018
no 0.22 ± 0.06 33.61 ± 7.66
yes 0.25 ± 0.07 37.45 ± 5.61
Deficit in general intellectual
functioning 0.015 < 0.001
no 0.23 ± 0.06 34.29 ± 6.94
yes 0.27 ± 0.06 42.02 ± 2.68
Deficit in executive functions 0.001 < 0.001
no 0.22 ± 0.06 33.36 ± 6.80
yes 0.27 ± 0.06 41.00 ± 4.03
Note.- Neuropsychological analysis was available (at least from one of  the four cognitive domains) on 75
volumetric patients out of 76 and 116 patients out of the population of 138 patients with conventional MRI and
modified cella media index(mCMI). CSF refers to the CSF volume determined by SPM5. ICV = Total intracranial
volume (contains gray matter, white matter and CSF segments) measured by SPM5. In the statistical analyses
the T-test was used mCMI comparisons and Mann-Whitney-U-test was used for CSF/ICV comparisons; p refers
to statistical significance between different GOS/neuropsychological deficit subgroups. GOS=Glasgow Outcome
scale.
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5.7. The effect of age and MRI and neuropsychological outcome (studies I, II
and IV)
5.7.1. Age and MRI and neuropsychological deficits
There were no statistically significant correlations between the MRI detectable
lesion volumes (total parenchymal lesion volume, retraction volume or ischemic
lesion volume) and age of the patient. However, in our study population, the 44 (21
male, 23 female) patients without focal parenchymal lesions were significantly
younger (mean age 44.8 ± 2.4 years) compared to the control individuals (54.1 ± 5.5
years, p=0.006). To compare the late atrophy in aSAH patients without focal MRI
abnormalities with age and gender matched control individuals, we selected a
balanced subgroup of younger controls (n=18; 9 male, 9 female, mean age 44.0 ±
11.3), and found out that significantly higher CSF/ICV ratios were detected in aSAH
patients (31.39 ± 7.52) compared to CSF/ICV ratios in controls (26.56 ± 4.05,
p=0.027). There was no significant difference in mCMIs, when comparing the aSAH
patients without focal parenchymal deficit (mCMI=0.21 ± 0.06) and the subgroup of
younger controls (mCMI=0.19 ± 0.03, p=0.353). The age of the patient correlated
significantly with all separate neuropsychological parameters with a single exception:
the correlation coefficient between the age of a patient and memory quotient was not
found, r= -0.090, p=0.338. Patients with dichotomized neuropsychological deficit
were older (mean age 55.6 ± 13.1 years) than patients with normal cognitive profile
(mean age 42.3 ± 14.1 years, p<0.001). Furthermore, in a separate analysis age of
the patient was found to strongly associate with all of the four cognitive domains
(general intellectual functioning, memory, language and executive functions).
5.7.2. Age and temporomesial structures
In the matched control population, the following correlation coefficients between
the age of the individual and the measured temporomesial volumes were obtained:
AM right (r=-0.41, p=0.03), AM left (r=-0.52, p=0.004), HC right (r=-0.60, p=0.001),
HC left (r=-0.60, p=0.002).
In the aSAH population correlation between age and both ipsi- and contralateral
hippocampal volumes was somewhat lower: HC ipsilateral (r=-0.31, p=0.006) and HC
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contralateral (r=-0.33, p=0.003). The volumes of amygdalae, in terms, did not
correlate with age significantly.
5.7.3. Age and ventricular and sulcal CSF spaces
In study IV the ventricular and sulcal CSF volumes between the aSAH patients
and control individuals were analyzed in three different age groups. Age of the
patient and control individuals was categorized into three different age groups; young
individuals (under 45 years), middle-aged individuals (45-65) and elderly individuals
(more than 65 years) and the volumes of these individuals were separately
compared. As expected, age of the patient was significantly correlated with larger
ventricles and CSF-spaces: mCMI, r=0.416, p<0.001, and CSF/ICV, r=0.718,
p<0.001. This finding was constant in all three different age groups when compared
to matched control individuals. Figure 14 demonstrates the associations between the
CSF/ICV ratios and the age of the individual.
Figure 14. CSF/ICV ratios in relation to the age of the patient and control individuals. The
mean CSF/ICV ratios with ± SD are demonstrated in three age groups; young individuals
(under 45 years), middle-aged individuals (45-65) and elderly individuals (more than 65
years).
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6. DISCUSSION
6.1. One-year MRI Outcome after aSAH: Surgical versus Endovascular
treatment (Study I)
The past 15 years have seen a revolution in the treatment of IAs. The
development of the Guglielmi detachable coils introduced a potential alternative
treatment for IAs in certain patient populations. Although not replacing open surgery,
the continued improvements have allowed aneurysms that previously were amenable
only to open clip ligation to be safely treated with durable long-term outcomes
(Koebbe et al. 2006). The main advantage of endovascular coiling is that the
craniotomy is avoided and recovery after treatment is more rapid. The major
disadvantage is that the recanalizing of the aneurysm may occur as observed at
long-term follow-ups (Molyneux et al. 2009, Nieuwkamp et al. 2009).
Most of the long term radiological outcome studies of the brain parenchyma after
aSAH have been performed after surgical clipping (Kivisaari et al. 2001, Romner et
al. 1989) and by using CT (Hoh et al. 2004, Orbo et al. 2008, Rabinstein et al. 2005).
The present study is the first prospective, randomized study focusing to late MRI-
detectable structural brain damage after endovascular or surgical treatment of aSAH.
The study suggests a higher incidence of brain parenchymal lesions in surgically
treated patients than in endovascularly treated patients with aSAH, especially in the
frontotemporal areas. These parenchymal lesions are of clinical importance, because
their volumes clearly correlated with neuropsychological test performance. Many
lesions were surgery-related brain retraction injuries, but in the surgical group there
was also a significantly higher incidence of ischemic lesions in the parental artery
territory of the ruptured aneurysm than in the endovascular group. Probably the main
parental and small perforating arteries are more prone to spasm, occlusions or
thromboembolism during the surgical procedure.
In remote vascular territories, probably representing more generalized form of
global vasospasm, no difference in the incidence of ischemic lesions was found
between the two treatment modalities. It has been suggested that endovascular
treatment could carry a higher risk for vasospasm, because the blood degradation
products in the sulci might cause chemical irritation to the leptomeningeal arteries,
compared to open surgery where some of the subarachnoidal blood may be removed
(Gruber et al. 1998). In the present study, no beneficial effect of surgical clot removal
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was observed, but instead surgical patients tended to have a higher incidence of
clinical vasospasm. However, equal frequency and size of ischemic lesions were
detected in remote vascular territories, both in cortical branch and perforator artery
territories.
Knowledge of the surgical techniques in each individual case was important
when etiologies of the parenchymal lesions were evaluated. A majority of the
retraction injury lesions were located in the basal aspect of the frontotemporal lobes.
A typical retraction injury does not follow the vascular anatomy of the brain. In the
acute phase of aSAH, the brain is generally swollen with edema, in addition to the
mass effect of the possible hematoma and hydrocephalus, making the surface of the
brain especially vulnerable.
The clinical significance of the persisting blood degradation deposits on brain
surface remains unclear, but clinical manifests such as cerebellar ataxia,
sensorineural hearing loss and myelopathy have been suggested (McCarron et al.
2003). Surprisingly, in this study signs of hematomas and superficial siderosis were
significantly more frequent than reported earlier (Kivisaari et al. 2001) and almost
equal in both treatment groups, suggesting no obvious beneficial effect of surgical
cisternal rinsing.
A study by Hadjivassilou et al. suggested that coiling might cause less structural
damage to brain parenchyma (Hadjivassiliou et al. 2001) than surgical clipping. The
International Subarachnoid Aneurysm Trial (ISAT) demonstrated that endovascular
coiling is more likely to result in independent survival than neurosurgical clipping in
good grade patients with anterior circulation aneurysms suitable for both treatment
modalities at one year after aSAH. According to ISAT study, the risk of death at 5
years was still significantly lower in coiling group than in the clipping group, but the
proportion of the survivors who were independent did not differ between the two
groups any more (83% endovascular and 82% neurosurgical) (Molyneux et al. 2009).
In the present study, the results are reported primarily according to intention-to-
treat analysis. However, repeating all the analyses after censoring the patients with
combination treatment or additional treatment for nonruptured aneurysms did not
produce notable changes in the statistically significant differences between the
treatment groups. Thus, in the light of the long term MRI-findings, these results may
provide further support to other studies; showing less structural damage on the brain
parenchyma (Hadjivassiliou et al. 2001) and reduced mortality after endovascular
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treatment compared to surgical treatment of the ruptured aneurysm (Molyneux et al.
2009). In a certain group of patients, a finding of fewer parenchymal lesions could be
a factor, in combination with other criteria, when choosing an optimal treatment
method for patients with aSAH, although complete occlusion of the aneurysm may
require additional surgical treatment in some patients.
6.2. Temporomesial volume loss after aSAH (Study II)
Hippocampus and amygdale volumes have been widely studied in various
neuropsychiatric disorders, since these structures play a vital role in processing
memory formation and stress and emotional regulation (Geuze et al. 2005). Stress,
hypoxia and increased glutamate have been associated with damage to the
hippocampus (Fujioka et al. 2000, Kalviainen et al. 1998, Villarreal et al. 2002).
Animal studies using SAH models have demonstrated profound hippocampal
neuronal loss (up to 30%) within relatively short period of time. It is believed that the
loss of hippocampal neurons occur secondary to the global ischemia, which occurs at
the time of SAH (Park et al. 2004). This is probably exacerbated by BBB breakdown
and brain edema. Hippocampal structures seem to have a more pronounced
vulnerability to global brain ischemia than the temporal lobe in general (Fujioka et al.
2000). Significantly reduced hippocampal volumes have been reported after
traumatic brain injury (TBI) and this volume reduction is not always related to the
severity of the injury (Bigler et al. 2002). In our clinical work, we have observed by
visual estimation that the temporomesial volumes seem sometimes atrophic after
aSAH, even if there are no focal parenchymal lesions on MRI.
In the present study, focusing in temporomesial volumes, it was found that aSAH
and its treatment were followed by atrophy in temporomesial structures. The AM
ipsilateral to the ruptured aneurysm was smaller in patients after surgical than
endovascular treatment. The treatment modality did not significantly affect the
measured HC volumes. Furthermore, a clear correlation was demonstrated between
neuropsychological performance and reduced temporomesial volumes. This is
interesting since, in the MRI protocol used, the volumetric sequence was scheduled
to the end of the imaging as an extra sequence, if the patient was cooperative and
willing to stay extra time in the scanner, a fact favouring the good grade patients to
be included to this volumetric study. The patients with suboptimal recovery and
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severe neurological deficits could not participate in the longer MRI examination
protocol necessary to volumetric analysis. Thus the clinical outcome was better in
this volumetric population than in most of the aSAH populations (Hackett et al. 2000).
Therefore, the results cannot be generalized in a straightforward manner to all aSAH
patients. The damage that aSAH causes to the temporomesial structures is probably
as severe or even more pronounced in patients with poorer outcomes. However, in
the patients with poor outcome, the clinical consequences of temporomesial volume
loss would probably vanish among the major neurologic deficits, making the possible
volumetric measurements irrelevant.
In spite of the seemingly good clinical outcome in this volumetric study sample,
the temporomesial volume study clearly demonstrated neuropsychological
impairments correlating with reduced temporomesial volumes one year after aSAH.
Although the volumetric study focused on the reduced temporomesial volumes after
aSAH, two thirds of the patients also have other radiologically documented lesions on
brain MRI, most of these locating in the frontal lobes. However, the presence of a
frontal lesion was not significantly associated with the hippocampal volumes
measured. As expected, the presence of a frontal lesion was significantly associated
with worse results on the neuropsychological tests. A further analysis was made
regarding the correlations between the neuropsychological test results and
hippocampal volumes separately in patients with and without a frontal lesion.
Significant correlations were found between impaired neuropsychological test results
and reduced hippocampal volumes in both subgroups of the patients with or without
a frontal lobe lesion after aSAH, suggesting that the detected hippocampal volume
loss seems to be associated with impaired neuropsychological performance
regardless of a possible coexisting MRI-detectable lesion in frontal lobes. Those
correlations were seen in a larger number of the tests applied in patients with a
frontal lobe lesion, indicating that the effect of the hippocampal volume loss is
probably more pronounced in patients with a documented frontal lobe lesion. A
possible explanation is that the changes in hippocampal volumes are also associated
with more widespread brain changes that affect several aspects of cognition and are
not specific to memory. The relation between hippocampus and memory
performance is well established (Squire et al. 2004). In our study, the correlations
between neuropsychological test results and hippocampal volumes were somewhat
unexpected. Namely, significant correlations were consistently found between
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hippocampal volumes and several tests of attention, flexibility of mental processing,
intellectual ability and psychomotor speed. On the other hand only one out of three
memory tests correlated with hippocampal volumes. It can be assumed assumed that
both the temporomesial volume loss and other local parenchymal lesions together
contribute to the development of neurocognitive deficits which are often detected in
patients after aSAH.
6.3. Brain atrophy after ruptured ACA aneurysm and treatment (Study III)
The ACA is a common location for cerebral aneurysms and accounts 35% of
ruptured aneurysms in recent report of Kuopio database of 1068 aSAH patients
(Huttunen et al. 2009). According to Proust et al. 80% of ACA aneurysm patients
admitted to hospital in good clinical status attain favourable clinical recovery (Proust
et al. 2003). Nevertheless, more than 60% of ruptured ACA aneurysm patients with
GOS 1 score may suffer cognitive impairment (Hutter et al. 1993). For ACA location
of the ruptured aneurysm, most studies report deficits in verbal memory, executive
functions and QOL (Bottger et al. 1998). In order to optimize the homogeneity of the
study population, the VBM study focused on patients with a good or moderate clinical
outcome and ruptured ACA aneurysms. Based on the clinical experience and visual
and quantitative analyses in conventional MRI, it was noted that especially frontal
lobe lesions are frequent in both treatment groups (Bendel et al. 2008) and therefore
it was hypothetized that on a group level a similar atrophic pattern would be observed
due to homogenous location of the ruptured aneurysm, and primary bleeding and
treatment approach (both surgical and endovascular). The VBM study elucidates the
pathophysiology behind the common cognitive disorders associated with the sequela
due to a ruptured ACA aneurysm. It was decided that analyses would be performed
separately to all patients, surgical and endovascular subgroups and their age-and
gender-matched control individuals. When patients with ruptured ACA aneurysms
were compared to age-matched controls, they showed bilateral widespread atrophy
in the orbitofrontal cortex and inferior frontal gyrus, gyrus rectus and ipsilateral
caudate nucleus. The analyses also revealed atrophy in the thalamic regions and
dorsal brainstem when comparing the GM volumes between aSAH patients and
controls. Lateral ventricles are principally surrounded by white matter, however there
are also areas of central GM structures (the thalamus, caudate and brainstem nuclei)
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around the ventricles, and thus the detected thalamic and brainstem atrophy
probably represents the more widespread central brain atrophy after aSAH, which
has been reported in previous studies (Bendel et al. 2009, Mayer et al. 2002, Vilkki et
al. 1989). In line with this finding, the aSAH patients showed significantly higher
mean relative CSF volumes and lower relative GM volumes than control individuals.
An additional finding after the surgical treatment was hippocampal atrophy ipsilateral
to treatment side, as expected according to the former volumetric study focusing to
temporomesial structures after aSAH. Atrophy could not be detected in other
temporomesial structures, perhaps due to smaller sample size in this study limited to
only volumetric ACA patients.
Detailed neuropsychological examination of the ACA study population revealed
deficits in several cognitive domains. Impaired general intellectual functions, verbal
deficits and memory disturbances were equally common after both treatment
modalities, but problems in executive functions were more frequently detected after
surgical treatment. In accordance with this finding, the MRI-detectable frontal lobe
lesions were more frequent after surgical than endovascular treatment. In a recent
study by Proust et al. neuropsychological outcome after treatment of an ACA
aneurysm was studied and an increased risk for focal encephalomalacia in the
surgical group compared to endovascular one was reported, but with no significant
difference in executive functions (Proust et al. 2009). Executive functions have long
been suspected to depend on the prefrontal cortex, the neocortex at the anterior end
of the brain (Miller 2000). Interestingly, in this study, the areas of reduced GM were
more pronounced after surgical than endovascular treatment (Figure 11). In keeping
with these neuropsychological and VBM results, recent studies suggest comparable
or even better neuropsychological outcomes (Chan et al. 2002, Fontanella et al.
2003) after endovascular than surgical treatment of the ruptured ACA aneurysms.
Although brain parenchymal lesions seen on MR images are frequent after aSAH
(Bendel et al. 2008, Kivisaari et al. 2001), especially in frontotemporal areas, it is well
known that absence of pathological findings in individuals' MR images does not
exclude the possibility of cognitive malfunctioning (Romner et al. 1989). Therefore we
suggest that these VBM-assisted group comparisons might enlighten clinically
significant atrophic patterns detected in the bilateral frontobasal cortical areas and
hippocampus ipsilateral to the surgical approach after treatment of ruptured ACA
aneurysm. Perhaps these atrophic findings may be also associated with the
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observed impaired cognitive outcome. It is notable that the atrophic areas after
treatment of ACA aneurysm were found in patients who achieved a good or at least
moderate outcome according to GOS, and thus cannot be generalized to aSAH
patients with worse clinical outcomes. However, the atrophic findings would most
likely be even more pronounced in those patients who were recovering poorly.
6.4. Atrophic enlargement of CSF volumes after aSAH (Study IV)
A recent study concluded that post-traumatic ventriculomegaly is frequently
observed in clinical practise in patients surviving from traumatic brain injury (Poca et
al. 2005). We share this clinical experience and have also detected ventricular
dilation in patients after aSAH, as has been reported in the literature (Dehdashti et al.
2004, Jartti et al. 2008, Sethi et al. 2000). Diffuse atrophic brain damage after aSAH
has been recognized in clinical practice and it was mentioned in the literature already
in 1928 (Bagley 1928).
In study IV, the ventricular and sulcal enlargement after aSAH was quantified and
related it to patients? neuropsychological outcome. It is assumed that this is the first
time modern three-dimensional image analysis methods were used in patients who
have recovered from aSAH. In the late MRI study, performed one year after aSAH,
all patients with clinical and radiological findings suggesting active hydrocephalus
had already been treated with a permanent shunt-device. Moreover, there were no
differences in ventricular enlargement and sulcal dilation of CSF spaces when the
patients with or without the permanent shunt device were compared, suggesting that
patients with symptomatic hydrocephalus component had been previously
successfully treated. In the aSAH patients, the cortical sulci were also wider than
those in the control individuals (Figure 13). Therefore it can be suggested that the
ventricular dilation together with detected reduced gray and white matter volumes of
the brain, observed in the chronic phase after aSAH should be interpreted to
represent diffuse brain atrophy rather than chronic hydrocephalus.
The mechanism behind the diffuse brain atrophy after aSAH remains unclear and
it can be speculated that it cannot be ischemia only. It has been well established that
even in good grade aSAH patients, who do not exhibit clinical or radiological
vasospasm and who do not have any obvious complications with regard to surgery or
postoperative course, still show long-term psychosocial difficulties (Hutter et al. 1999,
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Kreiter et al. 2002). Up to 50% of the survivors after aSAH never return to their
previous employment, which further indicates underdiagnosed injuries sustained at
the time of initial bleed (Hutter et al. 1999, Kreiter et al. 2002). Moreover, absence of
focal parenchymal lesions in individuals MR images does not exclude the possibility
of cognitive malfunctioning (Romner et al. 1989). Diffuse brain atrophy together with
reduced temporomesial volumes and specific atrophic patterns after treatment of
ruptured aneurysms of certain locations may partly explain this phenomenon (Bendel
et al. 2009, Bendel et al. 2006, Bendel et al. 2009). General atrophy may also
enhance the neuropsychological deficits caused by focal lesions on brain MRI.
The recent concept of early brain injury (EBI) has been suggested as the primary
cause of mortality in aSAH patients (Broderick et al. 1994) and EBI has also been
suggested to play an important role in subtle changes in behaviour, memory and
psychosocial difficulties detected in patients after aSAH (Cahill et al. 2006, Cahill et
al. 2009). EBI and a global ischemic injury at the moment of acute SAH results to
raised ICP and decreased CBF and trigger a number of critical pathways initiating
acutely after bleeding such as inflammation, hypoxia, apoptosis, oxidative stress and
excitotoxicity which all are interrelated with a similar end result, cell death (Park et al.
2004). Consequently, a number of mechanisms have been proposed to explain
global edema after aSAH. Those mechanisms include diffuse ischemic injury due to
transient ictal cerebral circulation arrest (Shigeno et al. 1982), diffuse inflammatory or
neurotoxic effects of widespread subarachnoid blood and its degradation products on
brain tissue (Germano et al. 1994), or abnormal autoregulation (Handa et al. 1992). A
recent study concluded that mild vasogenic global edema with increased ADC-values
is a relatively common finding after aSAH in the normal appearing brain tissue (Liu et
al. 2007). It can be suggested that the diffuse brain atrophy after aSAH detected in
this study may be related to these mechanisms of EBI. In this study, higher Fischer
grades and preoperative hydrocephalus, factors also reflecting the severity of EBI,
were found to associate with increased atrophy. As expected, patients with focal
lesions detected on MR imaging showed more pronounced atrophy than those
patients without these lesions.
The current study shows that diffuse atrophic ventricular and sulcal enlargement
are common sequelae after aneurysmal subarachnoid hemorrhage. Furthermore,
enlarged CSF-spaces strongly correlate with neuropsychological test performance. It
is probable that diffuse brain atrophy together with focal parenchymal lesions such as
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cortical infarctions and retraction lesions all contribute to the development of
neurocognitive deficits in patients recovering from aSAH.
6.5. General considerations
The psychological problems faced by aSAH survivors have well been described
in the past. Even patients with less severe aSAH often have long-term problems with
memory, mood and concentration. Many aSAH survivors never return to their
previous employment, which further indicates underdiagnosed injuries probably
sustained at the time of initial bleed. The aetiology behind this phenomenon remains
partly unclear.
On a group level among aSAH patients, these results have now shown a
significant general and temporomesial atrophy, both correlating with
neuropsychological outcome of the patients. General atrophy was also detected in a
patient group without any obvious MRI-detectable lesions in the brain parenchyma.
These diffuse atrophic findings may partly be explained by an early brain injury, EBI,
a result of a number of critical, molecular pathways with a similar end result, cell
death.
MR imaging and careful analysis of the images after aSAH may help the clinician
to predict the clinical recovery potential of the individual patient together with
neurological assessment and detailed neuropsychological analysis. Focal MRI-
detectable brain parenchymal lesions are common in this patient group and the
detected lesion volumes significantly correlate with the cognitive outcome.
Although the case fatality of aneurysmal aSAH has decreased with introduction of
recent improved techniques in diagnostic and management strategies, severity of the
initial bleeding remains still the most important prognostic factor for clinical outcome
of an individual aSAH patient. The only way to significantly improve the outcome of
aSAH would be preventing aSAH by diagnosing and treating aneurysms before they
rupture.
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7. CONCLUSIONS
1. Aneurysmal subrachnoid hemorrhage (aSAH) is frequently followed by permanent
lesions in brain parenchyma, a majority of which are related to the primary
bleeding, but some are adverse effects of the treatment procedures. Parental
artery territory ischemic lesions seem to be more frequent after surgical than after
endovascular treatment of the ruptured aneurysm, especially in frontotemporal
areas. Lesions associated with surgical retraction occur in more than half of the
patients treated surgically.
2. aSAH and its treatment is followed by temporomesial volume loss that can be
detected in magnetic resonance imaging one year after aSAH. Amygdaloid
volume loss ipsilateral to the ruptured cerebral aneurysm seems to be more
pronounced after surgical than endovascular treatment of the aneurysm. The
scores of several neuropsychological measurements are correlated with the
hippocampal, but not amygdaloid volumes.
3. Gray matter atrophy, principally involving the frontobasal cortical areas and
hippocampus ipsilateral to the surgical approach is detected after aSAH and
treatment of the ruptured ACA aneurysm. Areas of reduced gray matter are more
pronounced after surgical than endovascular treatment. Together with possible
focal cortical infarctions and brain retraction deficits in individual patients, this
finding may explain the neuropsychological disturbances commonly detected after
treatment of ruptured ACA aneurysms.
4. Ventricular and sulcal enlargement together with reduced brain parenchymal
volumes are common sequelae after aSAH and indicate general atrophy rather
than hydrocephalus. Higher Fisher scores, preoperative hydrocephalus and older
age were found to associate with ventricular and sulcal enlargement. Enlarged
CSF- spaces correlate with cognitive deficits after aSAH. A simple measure:
modified cella media index proved to be a feasible tool to assess the diffuse
atrophic brain damage after aSAH.
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